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Preface

It is widely recognized that Diesel vehicles are sure to significantly increase their
worldwide penetration, particularly in countries like the United States where the
present market share is not remarkable in comparison to that of vehicles with
gasoline engines. This is mainly due to Diesel engines being inherently more
thermodynamically efficient than spark-ignition engines, thus offering the prospect
of reducing emissions of carbon dioxide.

Diesels produce, however, higher emissions of nitrogen oxides (NOx) and
particulate matter (PM). The emissions levels which can be achieved depend on
both the engine-out emissions and the performance of the emissions control
system. For the engine-out emissions, there is a well-known trade-off between PM
and NOx. Such a trade-off is not, however, a constant relationship between the two
pollutants. Developments in combustion systems, fuel injection equipment, tur-
bocharging, and associated control systems have allowed and continue to allow the
trade-off curve to move to lower values of both NOx and PM. The trade-off thus
gives engine developers the opportunity to combine the optimization of ‘raw’
emissions and fuel economy with the optimization of the emissions control system.

Improvements in combustion and/or alternative fuels can lead to lower NOx
emissions, but it is generally recognized by now that, in order to meet the current
and forthcoming legislative emissions standards both in Europe and in the USA,
the application of after treatment systems is required. Indeed, Diesel particulate
filters (DPFs) are needed to achieve the PM emission levels regardless of the
system used to reduce NOx. But, most importantly, the significant CO2 reduction
(i.e., the improved fuel consumptions), that is also dictated by the upcoming
regulations, are forcing a drastic decrease in the average temperature profile of the
exhaust gases; in such conditions, the catalytic removal of NOx becomes extre-
mely challenging. In fact, a significant portion of the present test cycles (e.g., the
NEDC, New European Driving Cycle, and the WHTC, World Harmonized
Transient Cycle) is characterized by very low exhaust temperatures. This makes
very difficult the fulfillment of NOx emission limits.

Currently, the major deNOx after-treatment technologies under consideration
include the so-called Lean-NOx Traps (LNT), which are used with direct injection
gasoline and Diesel engines, and the Selective Catalytic Reduction (urea-SCR)
process.
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Urea-SCR was the European motor industry’s technology of choice to meet
Euro 4 and Euro 5 emissions requirements for heavy-duty Diesel engines and more
recently was also applied to light-duty vehicles and passenger cars in the USA and
in Europe, as well. An SCR system is designed to catalytically reduce NOx
emissions in the oxygen-rich environment of Diesel exhausts. To this purpose, the
SCR system needs a chemical reagent, or reductant, to help convert the NOx to
nitrogen: in mobile applications, the preferred reductant is typically an aqueous
solution of nontoxic urea, which is used as an ammonia source. In fact, the so-
called Adblue� solution (or DEF, Diesel Emission Fluid) is injected into the
exhaust system where it is decomposed to NH3.

Usually, a Diesel Oxidation Catalyst is also present in the system configuration,
upstream of the SCR converter, to partially convert NO to NO2; this enriches the
stream entering the SCR reactor with significant amounts of NO2 in addition to
NO, and thus enables the onset of the SCR deNOx reactions at lower temperature
in comparison to the case where most of the NOx is composed of NO alone.

Urea-SCR was first brought to the market in 2005 for heavy-duty vehicle
applications by Daimler AG (DaimlerChrysler at the time) under the trade mark
BLUETEC�, based on the use of extruded honeycomb monolith catalysts
consisting of V2O5–WO3–TiO2, similar to those extensively used worldwide for
the control of NOx emissions from power stations and other stationary sources.
Subsequently, we have seen a trend in the automobile industry to replace
Vanadium-based SCR catalysts with a new generation of metal-exchanged zeolite-
based systems in order to expand the operating temperature window and to solve
the high temperature deactivation problems typical of the anatase-rutile TiO2

transition. A variety of zeolites have been proposed for this purpose (e.g., ZSM-5,
mordenite, beta, ferrierite, Y-zeolite, and more recently chabazite). Zeolites are
generally promoted by transition metals, such as iron and copper: the resulting
catalytic systems are associated with an excellent deNOx activity, particularly in
the case of the Cu-zeolites. Indeed, metal-promoted zeolites have rapidly become
the class of automotive SCR catalysts of choice, making urea-SCR the leading
deNOx technology nowadays. In the last few years, the improvement of the critical
low-temperature deNOx activity has been impressive, primarily due to the
development of a new generation of Cu-promoted catalysts based on small pore
zeolites, which also exhibit unparalleled stability with time-on-stream. The fun-
damental reasons for such enhanced performance, however, are not fully under-
stood yet: they currently represent the objective of many academic and industrial
research efforts.

There are several additional complications in using urea-SCR, including for
example. The need for efficient ammonia release from the urea solution, and the
related risks of deposits in the exhaust system due to by-products formation.
Another issue is the accurate ammonia dosage: there should be enough ammonia
present on the catalyst to reduce all NOx, but at the same time there must be no
excess of ammonia, to prevent its slippage from the vehicle. In order to realize this
balance, a deep understanding of the influence of the operating conditions on the
amount of ammonia stored on the catalyst, and on the rates of ammonia
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adsorption/desorption, is crucial for the design and particularly for the control of
SCR catalytic converters for vehicles. Ammonia slip catalysts represent a recent
development in this area. Another area of current development is related to the fact
that the SCR catalyst is often placed downstream of the Diesel Particulate Filter
(DPF), in order to meet the requirements on soot particle emissions. On one hand,
this configuration exposes the SCR catalyst to very high temperatures during DPF
regeneration, so that its hydrothermal stability is a major concern. On the other
hand, the multifunctional combination of DPF and SCR in a single device (SCR
catalyst coated onto the DPF) presents several advantages, and is receiving con-
siderable attention.

Finally, mathematical modeling has been recognized since the early days as a
critical tool for timely and cost-effective development of urea-SCR technology for
vehicles. This has resulted in a significant evolution, wherein the initial simple
empirical models have been progressively replaced by the present sophisticated,
chemically and physically consistent models, used in many companies to generate
reliable simulations of NOx emissions in highly transient test cycles for a wide
range of conditions and parameters. Further efforts are being devoted to incor-
porate more details of the SCR catalytic chemistry, and to relate them to the
catalyst features.

Several years after its first commercial applications, the development of urea-
SCR has now clearly turned into a success story, with positive and promising
perspectives and still many opportunities for further improvements and break-
throughs in a number of areas. So now, it is probably a good time to review the
status of the technology, and highlight the next challenges.

This book provides a complete overview of the selective catalytic reduction of
NOx by ammonia/urea (urea-SCR), drawing from the know-how of many leading
experts in the field. The book begins with a discussion of the technology in the
framework of the current context (legislation, market, system configurations),
covers the fundamental aspects of the SCR process (catalysts, chemistry, mecha-
nism, and kinetics) and eventually analyses its application to the real scale
(modeling of full scale monolith catalysts, control aspects, ammonia/urea delivery
systems and strategies, integration with other devices for combined removal of
pollutants). The book concludes with case histories presented by two companies
which have greatly and creatively contributed to make urea-SCR a well-established
and crucial technology for the automotive industry.

The book is aimed primarily at researchers in industry and academia working
on exhaust gas aftertreatment systems. Several chapters however provide reference
material that will be useful for teaching general courses on catalytic processes for
environmental protection, or dedicated courses on the Selective Catalytic
Reduction of NOx.

Finally, this book is the result of the work of a number of industrial and
academic experts: all of these persons are to be congratulated for devoting their
time and effort to the present volume.

Preface vii



Contents

Part I Selective Catalytic Reduction Technology

1 Review of Selective Catalytic Reduction (SCR)
and Related Technologies for Mobile Applications . . . . . . . . . . . . 3
Timothy V. Johnson
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Regulatory Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Heavy-Duty Truck Regulations . . . . . . . . . . . . . . . . 4
1.2.2 Light-Duty Regulations . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Engine Developments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.1 Heavy-Duty Engines . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.2 Light-Duty Diesel Engines. . . . . . . . . . . . . . . . . . . . 8

1.4 SCR Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4.1 SCR System Introduction . . . . . . . . . . . . . . . . . . . . 10
1.4.2 Urea Delivery System . . . . . . . . . . . . . . . . . . . . . . . 12
1.4.3 Alternative Sources for Ammonia and Systems . . . . . 13
1.4.4 DOC Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4.5 SCR Catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.4.6 Ammonia Slip Catalysts . . . . . . . . . . . . . . . . . . . . . 19

1.5 SCR System Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.6 Onboard Generation of Ammonia Using Lean NOx Traps. . . . 23
1.7 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

1.8.1 Regulations and Engine Technologies . . . . . . . . . . . . 26
1.8.2 Onboard Ammonia Delivery Systems

and SCR Catalyst Systems. . . . . . . . . . . . . . . . . . . . 26
1.8.3 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2 SCR Technology for Off-highway (Large Diesel Engine)
Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Daniel Chatterjee and Klaus Rusch
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.2 Off-highway Emission Legislation . . . . . . . . . . . . . . . . . . . . 36

ix

http://dx.doi.org/10.1007/978-1-4899-8071-7_1
http://dx.doi.org/10.1007/978-1-4899-8071-7_1
http://dx.doi.org/10.1007/978-1-4899-8071-7_1
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_1#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_2
http://dx.doi.org/10.1007/978-1-4899-8071-7_2
http://dx.doi.org/10.1007/978-1-4899-8071-7_2
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec2


2.3 SCR Systems for High-Speed Engines . . . . . . . . . . . . . . . . . 38
2.3.1 Small Ship Applications . . . . . . . . . . . . . . . . . . . . . 39
2.3.2 Rail Applications . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.3.3 Gensets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.4 Medium and Low-Speed Engines . . . . . . . . . . . . . . . . . . . . . 42
2.4.1 Fuels and Sulfur . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.4.2 SCR Technology for Marine Applications . . . . . . . . . 45
2.4.3 Low-Speed Engine Genset. . . . . . . . . . . . . . . . . . . . 45

2.5 Combined Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.5.1 DPF ? SCR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.5.2 Combination of DeNoxation and DeSulfurization . . . . 51

2.6 System Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.6.1 Reductant Supply . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.6.2 Canning Concepts. . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.7 Control Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
2.8 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Part II Catalysts

3 Vanadia-Based Catalysts for Mobile SCR . . . . . . . . . . . . . . . . . . 65
Jonas Jansson
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.2 Legislation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.3 Main SCR Reactions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.4 Urea Injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.5 Properties of Vanadia SCR Catalyst . . . . . . . . . . . . . . . . . . . 68
3.6 Reaction Mechanism. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.7 Function/Principle Design . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.8 Dimensioning of SCR System . . . . . . . . . . . . . . . . . . . . . . . 76
3.9 Effect of NO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.10 Aging of Vanadia SCR Catalysts . . . . . . . . . . . . . . . . . . . . . 83

3.10.1 Thermal Aging. . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.10.2 Impact of Sulfur . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.10.3 Alkali Metals and Alkaline Earth Metals . . . . . . . . . . 87
3.10.4 Oil Poisons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.10.5 Hydrocarbons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
3.10.6 Arsenic and Lead . . . . . . . . . . . . . . . . . . . . . . . . . . 91
3.10.7 Biofuel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
3.10.8 In-use Aging Evaluation . . . . . . . . . . . . . . . . . . . . . 92

3.11 Summary and Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . 92
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

x Contents

http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec23
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Sec23
http://dx.doi.org/10.1007/978-1-4899-8071-7_2#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_3
http://dx.doi.org/10.1007/978-1-4899-8071-7_3
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_3#Bib1


4 Fe-Zeolite Functionality, Durability, and Deactivation
Mechanisms in the Selective Catalytic Reduction (SCR)
of NOx with Ammonia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
Todd J. Toops, Josh A. Pihl and William P. Partridge
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.2 Experimental Considerations in Evaluating

and Aging Catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.3 Fe-Zeolite NOx Reduction Characteristics . . . . . . . . . . . . . . . 104
4.4 Durability, Aging Techniques, and Deactivation Mechanism

Affecting Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5 Cu/Zeolite SCR Catalysts for Automotive Diesel NOx
Emission Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
Hai-Ying Chen
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
5.2 Chemistry and Functionality of Cu/Zeolite SCR Catalysts . . . . 124
5.3 Deactivation Mechanisms of Cu/Zeolite SCR Catalysts . . . . . . 126

5.3.1 Hydrothermal Deactivation . . . . . . . . . . . . . . . . . . . 126
5.3.2 Hydrocarbon Storage, Inhibition, and Poisoning . . . . . 132
5.3.3 Sulfur Poisoning. . . . . . . . . . . . . . . . . . . . . . . . . . . 133
5.3.4 Urea and Urea Deposit Related Catalyst

Deactivation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
5.3.5 Chemical Poisoning . . . . . . . . . . . . . . . . . . . . . . . . 134

5.4 Development of Small-Pore Zeolite Supported
Cu SCR Catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

5.5 Investigation on the Superior Hydrothermal Stability
of Small-Pore Zeolite Supported Cu SCR Catalyst . . . . . . . . . 140

5.6 Investigation on the Active Cu Sites in Small-Pore
Zeolite Supported Cu SCR Catalysts. . . . . . . . . . . . . . . . . . . 142

5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6 Low-Temperature Selective Catalytic Reduction (SCR) of NOx

with NH3 Over Zeolites and Metal Oxide-Based Catalysts
and Recent Developments of H2-SCR . . . . . . . . . . . . . . . . . . . . . 149
Gongshin Qi, Lifeng Wang and Ralph T. Yang
6.1 Ammonia-SCR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
6.1.2 Catalysts and Mechanistic Aspects

of the Low-Temperature Ammonia-SCR . . . . . . . . . . 151

Contents xi

http://dx.doi.org/10.1007/978-1-4899-8071-7_4
http://dx.doi.org/10.1007/978-1-4899-8071-7_4
http://dx.doi.org/10.1007/978-1-4899-8071-7_4
http://dx.doi.org/10.1007/978-1-4899-8071-7_4
http://dx.doi.org/10.1007/978-1-4899-8071-7_4
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_4#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_5
http://dx.doi.org/10.1007/978-1-4899-8071-7_5
http://dx.doi.org/10.1007/978-1-4899-8071-7_5
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_5#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_6
http://dx.doi.org/10.1007/978-1-4899-8071-7_6
http://dx.doi.org/10.1007/978-1-4899-8071-7_6
http://dx.doi.org/10.1007/978-1-4899-8071-7_6
http://dx.doi.org/10.1007/978-1-4899-8071-7_6
http://dx.doi.org/10.1007/978-1-4899-8071-7_6
http://dx.doi.org/10.1007/978-1-4899-8071-7_6
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec3


6.2 H2-SCR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
6.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
6.2.2 Catalysts and Mechanistic Aspects of H2-SCR . . . . . . 165

6.3 Challenges and Prospective . . . . . . . . . . . . . . . . . . . . . . . . . 171
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

Part III Mechanistic Aspects

7 Active Sites for Selective Catalytic Reduction . . . . . . . . . . . . . . . 181
Wolfgang Grünert
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
7.2 Strategies and Methods for the Identification of Active Sites. . . 182
7.3 Supported Vanadia Catalysts . . . . . . . . . . . . . . . . . . . . . . . . 193
7.4 Zeolite-Based Catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

7.4.1 Fe Zeolites. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
7.4.2 Cu Zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

7.5 Recent Catalyst Development. . . . . . . . . . . . . . . . . . . . . . . . 208
7.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

8 Mechanistic Aspect of NO–NH3–O2 Reacting System . . . . . . . . . . 221
Masaoki Iwasaki
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
8.2 Steady-State Reaction Analysis . . . . . . . . . . . . . . . . . . . . . . 221

8.2.1 NH3/NO/O2, NH3/O2, and NO/O2 Reactions . . . . . . . 221
8.2.2 Apparent Activation Energy. . . . . . . . . . . . . . . . . . . 223
8.2.3 Apparent Reaction Orders . . . . . . . . . . . . . . . . . . . . 224
8.2.4 Relationship with NO Oxidation Activity . . . . . . . . . 227
8.2.5 Effect of Coexisting Gases and Poisoning . . . . . . . . . 230

8.3 Transient Reaction Analysis. . . . . . . . . . . . . . . . . . . . . . . . . 233
8.3.1 Periodic NH3 Supply. . . . . . . . . . . . . . . . . . . . . . . . 233
8.3.2 NO Pulse Reaction . . . . . . . . . . . . . . . . . . . . . . . . . 237
8.3.3 In Situ FT-IR Analysis . . . . . . . . . . . . . . . . . . . . . . 238

8.4 Reaction Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240
8.4.1 Vanadium-Based Catalysts. . . . . . . . . . . . . . . . . . . . 240
8.4.2 Fe- or Cu-Exchanged Zeolite Catalysts . . . . . . . . . . . 242

8.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244

9 The Role of NO2 in the NH3–SCR Catalytic Chemistry . . . . . . . . 247
Enrico Tronconi and Isabella Nova
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247
9.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

xii Contents

http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_6#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_7
http://dx.doi.org/10.1007/978-1-4899-8071-7_7
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_7#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_8
http://dx.doi.org/10.1007/978-1-4899-8071-7_8
http://dx.doi.org/10.1007/978-1-4899-8071-7_8
http://dx.doi.org/10.1007/978-1-4899-8071-7_8
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_8#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_9
http://dx.doi.org/10.1007/978-1-4899-8071-7_9
http://dx.doi.org/10.1007/978-1-4899-8071-7_9
http://dx.doi.org/10.1007/978-1-4899-8071-7_9
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec2


9.3 Surface Storage of NOx . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
9.3.1 NO2 Adsorption/Desorption . . . . . . . . . . . . . . . . . . . 249
9.3.2 FTIR in Situ Study of NO2 Adsorption . . . . . . . . . . . 250
9.3.3 Effect of the Catalyst Redox State

on NO2 Adsorption . . . . . . . . . . . . . . . . . . . . . . . . . 251
9.4 The Role of Surface Nitrates in the Fast SCR Mechanism. . . . 253

9.4.1 NH3 ? NOx Temperature Programmed Reaction
(TPR) Runs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

9.4.2 Role of Nitrates in the NO/NO2–NH3

SCR Mechanism. . . . . . . . . . . . . . . . . . . . . . . . . . . 255
9.5 Mechanistic Studies by Transient Response Methods . . . . . . . 255

9.5.1 Reactivity of Surface Nitrates with NO
and with NH3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

9.5.2 The Role of Nitrites . . . . . . . . . . . . . . . . . . . . . . . . 257
9.5.3 Overall Mechanistic Scheme . . . . . . . . . . . . . . . . . . 258
9.5.4 Ammonia Blocking of Nitrates Reduction . . . . . . . . . 259
9.5.5 Considerations on the Red-ox Nature of the

NH3–SCR Mechanisms . . . . . . . . . . . . . . . . . . . . . . 260
9.5.6 Higher Temperatures: The NO2–SCR Reaction . . . . . 261
9.5.7 Selectivity Issues: The Formation

of NH4NO3, N2O . . . . . . . . . . . . . . . . . . . . . . . . . . 262
9.6 Feeding Nitrates: The Enhanced SCR Reaction . . . . . . . . . . . 263

9.6.1 The Boosting Action of Ammonium Nitrate . . . . . . . 263
9.6.2 Analysis of the Enhanced SCR Chemistry . . . . . . . . . 267

9.7 Summary and Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . 268
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

Part IV Reaction Kinetics

10 Kinetics of NH3-SCR Reactions Over
V2O5–WO3/TiO2 Catalyst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
Isabella Nova and Enrico Tronconi
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
10.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274

10.2.1 Experimental Rig and Procedures . . . . . . . . . . . . . . . 274
10.2.2 Mathematical Model of the Microreactor

for Kinetic Tests. . . . . . . . . . . . . . . . . . . . . . . . . . . 275
10.3 NH3/O2 Reacting System. . . . . . . . . . . . . . . . . . . . . . . . . . . 276
10.4 NH3–NO/O2 Reacting System . . . . . . . . . . . . . . . . . . . . . . . 282
10.5 NH3–NO/NO2 Reacting System . . . . . . . . . . . . . . . . . . . . . . 294
10.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 308
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 308

Contents xiii

http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_9#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_10
http://dx.doi.org/10.1007/978-1-4899-8071-7_10
http://dx.doi.org/10.1007/978-1-4899-8071-7_10
http://dx.doi.org/10.1007/978-1-4899-8071-7_10
http://dx.doi.org/10.1007/978-1-4899-8071-7_10
http://dx.doi.org/10.1007/978-1-4899-8071-7_10
http://dx.doi.org/10.1007/978-1-4899-8071-7_10
http://dx.doi.org/10.1007/978-1-4899-8071-7_10
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_10#Bib1


11 Lean NOx Reduction by NH3 on Fe-Exchanged Zeolite
and Layered Fe/Cu Zeolite Catalysts: Mechanisms,
Kinetics, and Transport Effects . . . . . . . . . . . . . . . . . . . . . . . . . . 311
Michael P. Harold and Pranit Metkar
11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311
11.2 Reaction System Performance Features . . . . . . . . . . . . . . . . . 312

11.2.1 NO Oxidation and NO2 Decomposition. . . . . . . . . . . 315
11.2.2 NH3 Oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316
11.2.3 Selective Catalytic Reduction of NOx. . . . . . . . . . . . 317

11.3 Kinetics and Mechanistic Considerations . . . . . . . . . . . . . . . . 324
11.3.1 NO Oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325
11.3.2 Standard SCR Reaction . . . . . . . . . . . . . . . . . . . . . . 331
11.3.3 Ammonia Inhibition . . . . . . . . . . . . . . . . . . . . . . . . 333
11.3.4 Selective Catalytic Reaction with NO and NO2 . . . . . 334

11.4 Reaction and Transport Interactions . . . . . . . . . . . . . . . . . . . 343
11.5 Reactor Modeling Developments . . . . . . . . . . . . . . . . . . . . . 348
11.6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354

12 Kinetic Modeling of Ammonia SCR for Cu-Zeolite Catalysts . . . . 357
Louise Olsson
12.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
12.2 Kinetic Models for Ammonia and Water Storage

Over Cu-Zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 358
12.2.1 Global Kinetic Model for Ammonia

Storage and Desorption . . . . . . . . . . . . . . . . . . . . . . 361
12.2.2 Detailed Kinetic Model for Ammonia

and Water Storage . . . . . . . . . . . . . . . . . . . . . . . . . 362
12.3 Kinetic Models for Ammonia Oxidation Over Cu-Zeolites . . . 364

12.3.1 Global Kinetic Model for Ammonia Oxidation . . . . . 364
12.3.2 Detailed Kinetic Model for Ammonia Oxidation . . . . 364

12.4 Kinetic Models for NOx Storage and NO Oxidation
Over Cu-Zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365
12.4.1 Detailed Kinetic Model for NO Oxidation . . . . . . . . . 365
12.4.2 Global Kinetic Model for NO Oxidation . . . . . . . . . . 369

12.5 Kinetic Models for SCR Reactions Over Cu-Zeolites . . . . . . . 371
12.5.1 Global Kinetic Models for SCR Over Cu-Zeolites . . . 371
12.5.2 Detailed Kinetic Models for SCR

Over Cu-Zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . 376
12.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381

xiv Contents

http://dx.doi.org/10.1007/978-1-4899-8071-7_11
http://dx.doi.org/10.1007/978-1-4899-8071-7_11
http://dx.doi.org/10.1007/978-1-4899-8071-7_11
http://dx.doi.org/10.1007/978-1-4899-8071-7_11
http://dx.doi.org/10.1007/978-1-4899-8071-7_11
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_11#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_12
http://dx.doi.org/10.1007/978-1-4899-8071-7_12
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_12#Bib1


Part V Modeling and Control

13 SCR Reactor Models for Flow-Through
and Wall-Flow Converters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385
Dimitrios Karamitros and Grigorios Koltsakis
13.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385
13.2 Fundamentals of Flow-Through Catalyst Modeling. . . . . . . . . 386

13.2.1 Balance Equations . . . . . . . . . . . . . . . . . . . . . . . . . 387
13.2.2 Washcoat Internal Diffusion Modeling . . . . . . . . . . . 389
13.2.3 Multidimensional Model Extension. . . . . . . . . . . . . . 391

13.3 Reaction Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 392
13.3.1 Adsorption Model. . . . . . . . . . . . . . . . . . . . . . . . . . 392
13.3.2 de-NOx Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . 394
13.3.3 Parameter Calibration . . . . . . . . . . . . . . . . . . . . . . . 397

13.4 Importance of Washcoat Diffusion Modeling . . . . . . . . . . . . . 397
13.4.1 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . 398
13.4.2 Simulation Study and Effective

Diffusivity Investigation . . . . . . . . . . . . . . . . . . . . . 398
13.5 From Lab Reactor Tests to Real-World System Modeling . . . . 400

13.5.1 Overview of Model Parameterization Approaches . . . 400
13.5.2 Microreactor and Monolith Reactor Tests . . . . . . . . . 400
13.5.3 Real-World Full-Scale Applications . . . . . . . . . . . . . 402

13.6 Fundamentals of SCR on DPF Modeling. . . . . . . . . . . . . . . . 403
13.6.1 Wall-Flow Filter Model. . . . . . . . . . . . . . . . . . . . . . 403
13.6.2 SCR Kinetic Model and Soot Oxidation Kinetics . . . . 406
13.6.3 Wall-Flow Versus Flow-Through Monoliths . . . . . . . 407
13.6.4 Interactions Between Soot and de-NOx Activity . . . . . 408

13.7 Integrated Exhaust System Modeling . . . . . . . . . . . . . . . . . . 412
13.7.1 Model-Based DPF ? SCR System Optimization . . . . 413
13.7.2 Combined LNT-SCR Concepts. . . . . . . . . . . . . . . . . 416
13.7.3 Combined SCR-ASC Concept . . . . . . . . . . . . . . . . . 418

13.8 Conclusion: Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 419
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 422

14 Diesel Engine SCR Systems: Modeling,
Measurements, and Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425
Ming-Feng Hsieh and Junmin Wang
14.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425
14.2 SCR Control-Oriented Modeling . . . . . . . . . . . . . . . . . . . . . 426

14.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426
14.2.2 Main SCR Reactions. . . . . . . . . . . . . . . . . . . . . . . . 426
14.2.3 Control-Oriented SCR Model. . . . . . . . . . . . . . . . . . 427

14.3 SCR Sensing and Estimation Systems . . . . . . . . . . . . . . . . . . 430
14.3.1 NOx Sensor NH3 Cross-Sensitivity . . . . . . . . . . . . . . 431

Contents xv

http://dx.doi.org/10.1007/978-1-4899-8071-7_13
http://dx.doi.org/10.1007/978-1-4899-8071-7_13
http://dx.doi.org/10.1007/978-1-4899-8071-7_13
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec25
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec25
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec25
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec26
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec26
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec27
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec27
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec28
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec28
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec29
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec29
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec30
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec30
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec31
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec31
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec35
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec35
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec36
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec36
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec37
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec37
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec37
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec40
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec40
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec41
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec41
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec41
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec41
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec45
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec45
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec46
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec46
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec47
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Sec47
http://dx.doi.org/10.1007/978-1-4899-8071-7_13#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_14
http://dx.doi.org/10.1007/978-1-4899-8071-7_14
http://dx.doi.org/10.1007/978-1-4899-8071-7_14
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec7


14.3.2 SCR Catalyst Ammonia Coverage
Ratio Estimation. . . . . . . . . . . . . . . . . . . . . . . . . . . 437

14.4 SCR Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441
14.4.1 Control-Oriented SCR Model. . . . . . . . . . . . . . . . . . 442
14.4.2 Controller Design and Architecture. . . . . . . . . . . . . . 443
14.4.3 Experimental Setup. . . . . . . . . . . . . . . . . . . . . . . . . 444
14.4.4 Experimental Results of US06 Test Cycle . . . . . . . . . 446

14.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 448
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449

Part VI Ammonia Supply

15 DEF Systems and Aftertreatment Architecture Considerations. . . 455
Ryan Floyd, Levin Michael and Zafar Shaikh
15.1 Role of Engine and Dosing Calibration . . . . . . . . . . . . . . . . . 459
15.2 Overview of Injection Technology and Spray Quality . . . . . . . 461
15.3 Overview of SCR System Mixing Devices . . . . . . . . . . . . . . 467
15.4 SCR System Mixing Devices: Ford Practical Example . . . . . . 471
15.5 Aftertreatment Architecture . . . . . . . . . . . . . . . . . . . . . . . . . 474
15.6 Deposit Mitigation: Practical Example . . . . . . . . . . . . . . . . . 479
15.7 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 483
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 483

16 Ammonia Storage and Release in SCR Systems
for Mobile Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 485
Daniel Peitz, Andreas Bernhard and Oliver Kröcher
16.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 485
16.2 Urea as Ammonia Precursor Compound . . . . . . . . . . . . . . . . 486

16.2.1 Solid Urea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 486
16.2.2 Urea Solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 487
16.2.3 Urea Thermolysis and Evaporation . . . . . . . . . . . . . . 487
16.2.4 Urea Decomposition Byproducts

and Catalyst Deactivation . . . . . . . . . . . . . . . . . . . . 489
16.2.5 Catalytic Urea Decomposition . . . . . . . . . . . . . . . . . 491

16.3 Alternative Ammonia Precursor Compounds . . . . . . . . . . . . . 493
16.3.1 Cyanuric Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 493
16.3.2 Ammonium Formate . . . . . . . . . . . . . . . . . . . . . . . . 494
16.3.3 Ammonium Carbamate . . . . . . . . . . . . . . . . . . . . . . 495
16.3.4 Metal Ammine Chlorides . . . . . . . . . . . . . . . . . . . . 496
16.3.5 Methanamide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 498
16.3.6 Guanidinium Salts . . . . . . . . . . . . . . . . . . . . . . . . . 499
16.3.7 Catalytic Decomposition of Alternative NH3

Precursor Compounds . . . . . . . . . . . . . . . . . . . . . . . 499
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501

xvi Contents

http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_14#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_15
http://dx.doi.org/10.1007/978-1-4899-8071-7_15
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_15#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_16
http://dx.doi.org/10.1007/978-1-4899-8071-7_16
http://dx.doi.org/10.1007/978-1-4899-8071-7_16
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_16#Bib1


17 Modeling the Gas Flow Process Inside Exhaust Systems:
One Dimensional and Multidimensional Approaches . . . . . . . . . . 507
Gianluca Montenegro and Angelo Onorati
17.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507
17.2 1D Models for the Prediction of Gas Flows. . . . . . . . . . . . . . 508

17.2.1 Modeling the Thermal Aspects. . . . . . . . . . . . . . . . . 510
17.2.2 Thermal and Hydrolytic Decomposition of Urea . . . . 516
17.2.3 Kinetic Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517

17.3 Multidimensional Models . . . . . . . . . . . . . . . . . . . . . . . . . . 521
17.3.1 Governing Equations. . . . . . . . . . . . . . . . . . . . . . . . 521
17.3.2 Modeling the UWS Injection . . . . . . . . . . . . . . . . . . 526
17.3.3 Modeling the Formation of Liquid Film . . . . . . . . . . 532
17.3.4 Discretization of Source Terms and Equations . . . . . . 535
17.3.5 Examples of CFD Application . . . . . . . . . . . . . . . . . 538

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 547

Part VII Integrated Systems

18 Dual-Layer Ammonia Slip Catalysts for Automotive SCR
Exhaust Gas Aftertreatment: An Experimental
and Modeling Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 553
Isabella Nova, Massimo Colombo, Enrico Tronconi,
Volker Schmeißer, Brigitte Bandl-Konrad and Lisa Zimmermann
18.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 554
18.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 556

18.2.1 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 557
18.2.2 Modeling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 558

18.3 Derivation and Validation of the SCR Model. . . . . . . . . . . . . 561
18.3.1 Reaction Network and Kinetic Scheme

Over the SCR Component . . . . . . . . . . . . . . . . . . . . 561
18.3.2 Kinetic Fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 566
18.3.3 Model Validation . . . . . . . . . . . . . . . . . . . . . . . . . . 567

18.4 Derivation and Validation of the PGM Catalyst Model . . . . . . 567
18.4.1 Reaction Network and Kinetic Scheme

Over the PGM Component . . . . . . . . . . . . . . . . . . . 567
18.4.2 Model Fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 573
18.4.3 Model Validation . . . . . . . . . . . . . . . . . . . . . . . . . . 573

18.5 Analysis and Modeling of SCR/PGM Interactions . . . . . . . . . 575
18.5.1 Experimental Study of SCR/PGM Interactions . . . . . . 575
18.5.2 Predictive Simulations of the SCR/PGM

Combined Systems . . . . . . . . . . . . . . . . . . . . . . . . . 577

Contents xvii

http://dx.doi.org/10.1007/978-1-4899-8071-7_17
http://dx.doi.org/10.1007/978-1-4899-8071-7_17
http://dx.doi.org/10.1007/978-1-4899-8071-7_17
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_17#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_18
http://dx.doi.org/10.1007/978-1-4899-8071-7_18
http://dx.doi.org/10.1007/978-1-4899-8071-7_18
http://dx.doi.org/10.1007/978-1-4899-8071-7_18
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec16


18.6 Modeling of Dual-Layer Monolith ASC . . . . . . . . . . . . . . . . 579
18.6.1 Development of a Dual-Layer Monolith Model . . . . . 579
18.6.2 Validation of the Dual-Layer Monolith

ASC Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 581
18.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 583
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 584

19 NSR–SCR Combined Systems: Production
and Use of Ammonia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 587
Fabien Can, Xavier Courtois and Daniel Duprez
19.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 587
19.2 NH3 Emission from NSR Catalysts. . . . . . . . . . . . . . . . . . . . 588

19.2.1 The NSR Process . . . . . . . . . . . . . . . . . . . . . . . . . . 588
19.2.2 Ammonia Formation Pathways. . . . . . . . . . . . . . . . . 589
19.2.3 Influencing Parameters/Ammonia Reactivity . . . . . . . 591
19.2.4 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 596

19.3 Coupling of NOx Trap and NH3–SCR Catalysts. . . . . . . . . . . 596
19.3.1 Emergence and Development of the NSR–SCR

Coupling Concept. . . . . . . . . . . . . . . . . . . . . . . . . . 596
19.3.2 Coupling of Pt Catalysts with Zeolites . . . . . . . . . . . 598
19.3.3 Coupling of Pt(RhPd)/BaO/Al2O3

with Cu–Zeolite Catalysts . . . . . . . . . . . . . . . . . . . . 598
19.3.4 Coupling of Pt(RhPd)/BaO/Al2O3

with Fe–Zeolite Catalysts . . . . . . . . . . . . . . . . . . . . 603
19.3.5 Other Systems Including Tungsten-Based

Catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 606
19.4 Selective Catalytic Reduction of NOx

by Ammonia (NH3–SCR) . . . . . . . . . . . . . . . . . . . . . . . . . . 608
19.4.1 Mechanistic Aspects of the SCR Reaction . . . . . . . . . 608
19.4.2 Effect of Zeolite Framework . . . . . . . . . . . . . . . . . . 610
19.4.3 Role of Acidic Sites . . . . . . . . . . . . . . . . . . . . . . . . 611
19.4.4 Active Sites and Performances of Cu–Zeolite,

Fe–Zeolite, and Other Systems in NH3–SCR . . . . . . . 612
19.5 Conclusion and Perspective . . . . . . . . . . . . . . . . . . . . . . . . . 614
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 615

20 Integration of SCR Functionality into Diesel
Particulate Filters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 623
Thorsten Boger
20.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 624
20.2 Diesel Particulate Filter Technologies . . . . . . . . . . . . . . . . . . 626

20.2.1 Diesel Particulate Filter Designs and Materials . . . . . 626
20.2.2 Catalyst Coatings for Diesel Particulate Filters. . . . . . 629

xviii Contents

http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_18#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_19
http://dx.doi.org/10.1007/978-1-4899-8071-7_19
http://dx.doi.org/10.1007/978-1-4899-8071-7_19
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_19#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_20
http://dx.doi.org/10.1007/978-1-4899-8071-7_20
http://dx.doi.org/10.1007/978-1-4899-8071-7_20
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec4


20.3 Performance Considerations for SCR Integrated Diesel
Particulate Filters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 630
20.3.1 Pressure Drop and Permeability . . . . . . . . . . . . . . . . 630
20.3.2 Filtration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 636
20.3.3 Filter Regeneration, Thermal Management,

and Durability . . . . . . . . . . . . . . . . . . . . . . . . . . . . 640
20.3.4 DeNOx Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . 643

20.4 Modeling of SCR Integrated Particulate Filters . . . . . . . . . . . 645
20.5 Application Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 648

20.5.1 Light Duty. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 648
20.5.2 Heavy Duty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 650

20.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 651
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 652

Part VIII Case Histories

21 Development of the 2010 Ford Diesel Truck Catalyst System . . . . 659
Christine Lambert and Giovanni Cavataio
21.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 660
21.2 Early Research at Ford on Lean NOx Control

for Diesel Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 661
21.3 Ford’s Research Program on a Prototype Light-Duty

Diesel Truck . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 663
21.3.1 SCR System Design . . . . . . . . . . . . . . . . . . . . . . . . 663
21.3.2 DOC Development for SCR Systems . . . . . . . . . . . . 664
21.3.3 SCR Catalyst Formulations . . . . . . . . . . . . . . . . . . . 666
21.3.4 Vehicle System Results . . . . . . . . . . . . . . . . . . . . . . 666

21.4 Migration of Research into a Production Vehicle Program . . . 668
21.4.1 Vehicle Program Needs for Lean NOx Control . . . . . 668
21.4.2 Catalyst and System Design Options. . . . . . . . . . . . . 669

21.5 Development Challenges Associated with SCR
Catalyst Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 670
21.5.1 Thermal Stability of the DOC . . . . . . . . . . . . . . . . . 670
21.5.2 Thermal Stability of the SCR Catalyst . . . . . . . . . . . 671
21.5.3 Ammonia Storage Management . . . . . . . . . . . . . . . . 674
21.5.4 HC Poisoning/Coking of Zeolitic SCR Catalysts . . . . 676
21.5.5 Precious Metal Poisoning . . . . . . . . . . . . . . . . . . . . 679
21.5.6 Sulfur Effects on Catalysts . . . . . . . . . . . . . . . . . . . 681
21.5.7 Urea Injection/Mixing . . . . . . . . . . . . . . . . . . . . . . . 682
21.5.8 Urea Specifications and Refill . . . . . . . . . . . . . . . . . 682

Contents xix

http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_20#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_21
http://dx.doi.org/10.1007/978-1-4899-8071-7_21
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec10
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec11
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec12
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec13
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec14
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec17
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec18
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec19
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec19


21.6 Environmental Impact of Medium-Duty Diesels:
Current and Future . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 683
21.6.1 NOx Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . 683
21.6.2 Greenhouse Gas Footprint (CO2, CH4, N2O) . . . . . . . 684
21.6.3 Use of Base Metals, Pd Rich Catalysts . . . . . . . . . . . 684

21.7 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 686
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 687

22 Model-Based Approaches to Exhaust Aftertreatment
System Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 691
Michel Weibel, Volker Schmeißer and Frank Hofmann
22.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 692
22.2 Modeling of the Exhaust Gas Aftertreatment System . . . . . . . 693

22.2.1 Total System Simulation . . . . . . . . . . . . . . . . . . . . . 693
22.2.2 Model Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 694
22.2.3 Kinetics and Parameterization . . . . . . . . . . . . . . . . . 695

22.3 Simulation Methods in the Development Process . . . . . . . . . . 696
22.3.1 Demands of the Development Process. . . . . . . . . . . . 696
22.3.2 The Virtual Testbench Concept . . . . . . . . . . . . . . . . 697
22.3.3 Development of an AdBlue� Dosing

Control Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . 697
22.4 Outlook: On-board Model-Based SCR Control. . . . . . . . . . . . 704
22.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 705
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 706

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 709

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 711

xx Contents

http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec20
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec21
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec22
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec23
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec23
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec24
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Sec24
http://dx.doi.org/10.1007/978-1-4899-8071-7_21#Bib1
http://dx.doi.org/10.1007/978-1-4899-8071-7_22
http://dx.doi.org/10.1007/978-1-4899-8071-7_22
http://dx.doi.org/10.1007/978-1-4899-8071-7_22
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec1
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec2
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec3
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec4
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec5
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec6
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec7
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec8
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec9
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec15
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Sec16
http://dx.doi.org/10.1007/978-1-4899-8071-7_22#Bib1


Part I
Selective Catalytic Reduction Technology



Chapter 1
Review of Selective Catalytic Reduction
(SCR) and Related Technologies
for Mobile Applications

Timothy V. Johnson

1.1 Introduction

NOx is formed when air is heated to very high temperatures, and is thus emitted
from combustion and engines. The most prevalent NOx species from engines is
NO. It will oxidize in the atmosphere to form NO2, and also react with many
hydrocarbons (HCs) to form ozone; both ozone and NO2 are toxic and strong
oxidants. Thus, NOx is a criteria pollutant and is regulated. NOx is very effectively
controlled from gasoline engines with three-way catalysts (TWCs) (CO, HCs,
NOx), but they only operate under stoichiometric conditions. For lean diesel
conditions, selective catalytic reduction (SCR) is the leading method of remedi-
ation. The reductant, ammonia (NH3), which needs to be added to the exhaust,
selectively reduces the NOx rather than being oxidized by the excess oxygen, as do
the innate exhaust reductants, CO and HCs.

This chapter will set the stage for the other chapters in the book by providing a
representative review of the regulations, general engine trends, and key develop-
ments in SCR catalyst technology. It is not intended to be all-encompassing and
comprehensive. Representative papers and presentations were chosen here that
provide examples of new, key developments, and direction. For a more detailed
review of SCR technologies, and diesel emission control technology trends and
developments in general, the reader is referred to Johnson [1–3].

T. V. Johnson (&)
Emerging Technologies and Regulations, Corning Environmental Technologies, Corning
Incorporated, HP-CB-3-1, Corning, NY 14831, USA
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I. Nova and E. Tronconi (eds.), Urea-SCR Technology for deNOx
After Treatment of Diesel Exhausts, Fundamental and Applied Catalysis,
DOI: 10.1007/978-1-4899-8071-7_1, � Springer Science+Business Media New York 2014
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1.2 Regulatory Overview

Although the first commercial lean deNOx system was a lean NOx trap (LNT) on
the European Toyota Avensis in the early 2000s, and then on the US Dodge Ram
truck (Cummins engine) in 2007, the first wide-scale use of deNOx was the
implementation of SCR for heavy-duty (HD) truck applications in Europe in 2005.
The US Tier 2 and California Low Emission Vehicle (LEVII) regulations were the
first to force SCR on light-duty (LD) applications in 2007. SCR did not make its
way into NR applications until 2011 in both the US and Europe.

Following is a general overview of the HD, LD, and NR regulations pertinent to
understanding the main drivers for SCR systems.

1.2.1 Heavy-Duty Truck Regulations

Figure 1.1 shows a summary of the key HD truck regulations in the world, along
with estimates of the best commercially viable engine-out NOx and particulate
matter (PM) capabilities, as measured on the European Steady-State Cycle (ESC).
The first vehicle regulation in the world that was attained with SCR systems was
the Japan 2005 HD truck regulation in October 2004, shortly followed by Euro IV
in January 2005. Although Euro IV was only a 30 % NOx tightening from Euro III
(2000), the PM regulation dropped *80 %, and truck manufacturers generally
elected to tune their engines for higher NOx and lower PM and fuel consumption,
and then use SCR to drop the tailpipe levels to within the NOx (and PM)
requirements. It is interesting to note that although the US2007 NOx regulations

Fig. 1.1 Overview of key HD tailpipe regulations as measured on the ESC. The dashed and solid
lines represent an estimate of the best commercially viable engine-out emissions for engines in
2007 and 2010
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were 60 % lower than for Euro IV, and the PM regulations were about 35–55 %
tighter (steady state and transient testing, respectively), the US manufacturers
chose to meet the NOx regulations with engine technology (mainly exhaust gas
recirculation (EGR)), and the PM regulations with diesel particulate filters (DPFs).
The Japan 2005 regulation is intermediate between Europe and the US for both
NOx and PM, and there was a split of approaches used in Japan, with trucks in
high fuel consumption applications generally using a European SCR-only
approach, and all others using a EGR ? DPF approach.

In the 2009+ time frame, Japan 2009, US2010, and Euro VI (2013) all require
both SCR and DPF solutions. These regulations range from 0.26 to 0.7 g NOx/
kW-h and 0.010 to 0.013 g PM/kW-h.

1.2.2 Light-Duty Regulations

The leading LD diesel non-methane HC and NOx regulations are graphically
shown in Fig. 1.2. Only the US (Federal and California LEVIII) has the test-cycle
and limit value combination to force NOx aftertreatment. All require a DPF
(regulations not shown). By 2013, perhaps a dozen diesel models will be on the US
market. However, the majority of Euro 6 applications will have NOx aftertreat-
ment to minimize NO2 emissions and fuel consumption.

One regulatory development that will drive SCR system design in Europe and
elsewhere is emerging now in Europe: Real-World Driving Emissions (RDE).
Investigators have found that NOx emissions from LD diesels can be 3–4X higher

Fig. 1.2 Leading light-duty
diesel NOx and non-methane
hydrocarbon emissions
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than the laboratory certification level. It is too early to note the details of these
regulations, but they are likely to include portable emissions monitoring systems
(PEMS) and require advance controls for cold start, high speed, and load
conditions.

The regulatory trend in the US, Europe, and Japan is for very low-NOx
emissions. All HD trucks in these markets will have SCR systems by early 2014.
These regulations are migrating into the NR machine sector, wherein most engines
[70 kW will have SCR systems in 2014+. For passenger cars, all but the smaller
diesels will have SCR systems in the three markets. Tighter regulations are
foreseen for the developing markets, with Brazil leading the way, followed by
China and India.

1.3 Engine Developments

This section will summarize HD and LD diesel engine technologies. We may see
lean-burn gasoline engines in the market, and SCR is a viable option for these
engines, but this is beyond the scope of this summary.

1.3.1 Heavy-Duty Engines

HD engine technology is in development to meet the next round of OBD (onboard
diagnostics) tightening in the US for 2013 and the new CO2 regulations in 2014.
Concurrent with this, the Euro VI regulations come into play in 2013–2014.

Stanton [4] shows in Fig. 1.3 that the most effective engine means for reducing
NOx, EGR is an efficient approach and can have fuel consumption benefits if SCR

Fig. 1.3 EGR can have fuel
consumption benefits at low
engine-out NOx levels (\4 g/
bhp-h or 5.2 g/kW-h), but at
higher levels there is a fuel
penalty versus SCR
approaches with high deNOx
efficiency [4]
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efficiency requires low engine-out NOx levels (\2.5–5 g/kW-h NOx) in low-load
operating regimes. However, if increased SCR deNOx efficiency allows higher
NOx levels, EGR results in a fuel penalty. Given this, Stanton estimates that if
SCR can attain a 98 % cycle-average deNOx efficiency, EGR can be eliminated.
Furthermore, as shown in Fig. 1.3, running at higher engine-out NOx can return
substantial fuel consumption benefits. In the high-NOx regimes, about 1 % fuel
can be saved for every 1.2–1.5 % urea consumed (relative to fuel) to drop the
NOx. This is beneficial for both CO2 reductions and fluid cost savings (urea plus
fuel).

Roberts [5] described some HD technologies for both high- and low-engine-out
NOx approaches. A summary is shown in Fig. 1.4, wherein each point represents
an engine hardware configuration that is optimized for low fuel consumption. As
with previous such descriptions of advance engine technology packages [6], fuel
consumption decreases as NOx increases, even out at [5 g NOx/kW-h. Roberts
shows minimum fluid operating costs (top line) at 8–11 g/kW-h engine-out NOx.
He assumes here that the urea (Diesel Exhaust Fluid (DEF)) is 65 % the cost of
fuel. Emission control technologies (like SCR) would be needed to achieve at least
97–98 % efficiency to achieve this minimum fluid-consumption-cost calibration
range, to meet the US 2010 regulations.

Zybell [7] also described some HD technology packages for meeting low
emissions and fuel consumption, but mainly in the context of fuel injection
technology. His slopes of fuel consumption versus NOx are not as steep as shown
in Figs. 1.3 and 1.4, so his minimum cost range is in the 3–5 g/kW-h NOx range.
However, when fuel injection pressure is increased from 1,800 to 2,400 bar, the
fluid consumption drops about 0.6 % and the minimum calibration shifts to

Fig. 1.4 General advance HD engine technologies and the resultant urea (DEF) and fuel cost
curves, assuming DEF costs $2.56 per gallon ($0.69/l) and diesel fuel cost $3.89/gallon ($1.05/l).
Fluid costs are minimized at 8–11 g/kW-h NOx [5]
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2.5–4.0 g/kW-h NOx. Continuing the trend, if injection pressure is increased to
3,000 bar, fluid consumption drops another 0.1 % and the minimum point shifts to
2.0–3.0 g/kW-h NOx.

Kobayashi et al. [8] gave a detailed account of their attempt to drop engine-out
NOx to 0.2 g/kW-h on a 10.5 l engine with the following features: 2,000 bar
common rail fuel injection system, low-pressure (LP) and high-pressure (HP)
EGR, variable valve actuation, 300 bar peak cylinder pressure, variable swirl, and
advanced combustion chamber design. With a DPF, the engine achieved 0.8 g/
kW-h NOx on the JE05 Japanese HD transient cycle. At 1,200 RPM and 8 bar
BMEP, substituting about 40–70 % LP-EGR instead of HP-EGR results in similar
NOx levels, despite 5–10 % higher total EGR rates, but with greatly reduced PM
and fuel consumption. Also striving for high-efficiency and low-NOx, Ojeda [9]
reported that a prototype 13-l engine with 2-stage EGR cooling, 2-stage turbo-
charging, a 2,200 bar injection system, and optimized combustion system achieved
45 % BTE at road loads, with a 0.5 g/bhp-h NOx (0.65 g/kW-h) NOx level. This is
higher efficiency than some 2,010 engines running with SCR at much higher NOx
levels. Although impressive, these studies show that achieving the engine-out NOx
levels required to meet the emerging tailpipe regulations, without NOx after-
treatment is quite difficult and could be very expensive.

Improved thermal management is increasing in importance, especially as it
pertains to reducing urban NOx from engines with SCR. The first evidence that this
issue is being addressed on Euro VI engines was reported by Vermeulen et al. [10].
The 13-l prototype Scania engine had cooled-EGR to reduce low-load NOx and
intake throttling for thermal management. NOx in-service conformity (ISC) was
well below the 1.5X limit after allowable calibration adjustments, and NOx emis-
sions generally vary from 0.35 to 0.76 g/kW-h for most trips and segments. The SCR
system was fully functional after 500 s of operation after a cold start at 3 �C.

Finally, US HD engine manufacturers described their future approaches to
meeting the US Department of Energy (DOE) goal of demonstrating 50 % BTE
(break thermal efficiency) on a HD engine [1]. All four US HD truck engine
manufacturers get much of their efficiency improvements from combustion
(chamber design, control, mixing, etc.), reduction of friction and parasitic losses,
and Rankine cycle waste heat recovery (WHR). Improved SCR performance is
also mentioned commonly (for higher NOx calibrations).

Although HD NOx regulations might be met by further advancements in engine
technology, the best balance of low fuel consumption and low tailpipe NOx
emissions requires about 98+ % efficient SCR.

1.3.2 Light-Duty Diesel Engines

LD diesel engines are also improving to keep the efficiency advantage over gas-
oline. Pischinger [11] described future technologies for both diesel and gasoline
engines to achieve 35 % CO2 reductions. Major improvements in both platforms
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include 25 % downsizing (7 % reductions), stop–start system (6 %), LP-EGR
(3 %), and down-speeding (3 %). The approach can result in lower exhaust tem-
peratures due to more turbocharging, and higher NOx as the result of the same fuel
amount burned in a smaller cylinder. However, for gasoline vehicles to meet the
95 g/km fleet average CO2 emission requirement in Europe in 2020, Pischinger
projects significant hybridization is needed. Diesel engines can meet the regulation
with standard drivetrains.

In the US, to meet the tight LEVIII emissions, reduced cold start emissions are
the key, requiring significant thermal management methods. Popuri et al. [12] use
an intake throttle, bypass valves for the EGR, turbine, and LP-VGT (variable gate
turbocharger), idle speed modulation, late cycle fuel injections, cylinder deacti-
vation (fueling cut off), and an exhaust-manifold integrated diesel oxidation cat-
alyst (DOC) to allow urea injection 125 s, earlier than for a baseline engine.
Despite that the engine-out NOx increased 20 %, and fuel consumption increased
5–7 % when the methods are used, Federal Test Procedure (FTP) Bag 1 deNOx
was an impressive 70 % and overall fuel efficiency increased 25 % compared to
their baseline engine. A 4.5 l engine in a 5,000 pound (2,270 kg) vehicle achieved
US Tier 2 Bin 5 standards at 25.5 MPG (9.1 l/100 km). Ruth [13] reported sig-
nificant progress in the same program that reduces thermal management require-
ments and is now targeted to meet the LEVIII fleet average requirements (-70 %
vs. Tier 2 Bin 5) by using a passive NOx adsorber (PNA) that adsorbs NOx at low
temperature and releases it passively as temperature increases, a combination
SCR ? DPF (SCR catalyst coated onto a DPF), and gaseous NH3 injection. The
progress shows how critical advanced SCR technology is to improve feasibility of
clean LD diesel engines.

Another LEVIII approach was reported by Balland et al. [14]. To address the
challenge SCR and other deNOx systems have in reducing high-load NOx, the
investigators report that a standard DOC can efficiently remove NOx at stoichi-
ometry, and thus run the engine in that mode during accelerations. The approach
requires tight control of EGR, the turbocharger, and other engine parameters, and
uses an ‘‘air-based control’’ approach similar to that of gasoline engines, rather
than a fuel-based approach typical of diesel engines. Exhaust temperatures also
increase substantially in the accelerations and the strategy is part of cold start
thermal management.

Diesel engine costs have been a problem in competing with modern gasoline
engines. Regner et al. [15] are updating the opposed-piston diesel engine, solving
the historic problems using new materials and modern analytical techniques.
Because it has no head or valve train, compared to a standard diesel engine, it has
40 % fewer parts, is 30 % lighter, and costs about 10 % less. Fuel consumption is
15–20 % lower than a state of the art 6.7 l diesel engine, but lube oil consumption
and NOx emissions are about double.

Contrary to HD applications, wherein deNOx improvements are used to reduce
fuel consumption and 98 % deNOx is desired, modern LD diesel engines do not
have as strong a relationship between NOx and fuel consumption at the higher
NOx levels. In the US, all of the available deNOx efficiency will be used to meet

1 Review of Selective Catalytic Reduction 9



the LD NOx regulations. In Europe, deNOx efficiencies of 50–70 % are needed to
meet the regulations in the most efficient means.

Lean NOx control (lean deNOx) technologies will be integral to meeting the
emerging HD criteria pollutant regulations for diesel engines. Minimum removal
efficiencies on the order of 85 % will be needed, but levels up to 97–98 % are
desired to allow engines to operate in high-NOx low-fuel consumption regimes.
For LD applications, the efficiency is as important in the US, but light-off or low-
temperature performance characteristics are even more so.

1.4 SCR Technologies

1.4.1 SCR System Introduction

The TWC is the most effective NOx reduction system on vehicles but requires the
absence of oxygen. It has been in production for more than 30 years and is
removing more than 99 % of the NOx from modern engines. In this system,
unburned CO and HCs are used to reduce NOx on a rhodium catalyst. The key to
this technology is the gas mixture control. It is critical to have a near-stoichi-
ometric mixture, wherein the mixture of air and fuel are near-ideal and there is
very little excess oxygen. If oxygen is present in the exhaust, the CO and HCs will
react with it rather than with the NOx. Diesel engines are lean-burn with plenty of
excess oxygen. Practical and effective catalysts for selectively reducing NOx with
CO or HCs in a lean environment are not yet available, but selective catalysts
using ammonia as the reductant have been commercialized in the stationary sector
for decades.

The key SCR catalyst reactions are shown as

NH3 þ NOþ 1=4O2 ! N2 þ 3=2H2O ð1:1Þ

NH3 þ 1=2NO þ 1=2NO2 ! N2 þ 3=2H2O ð1:2Þ

NH3 þ 3=4NO2 ! 7=8N2 þ 3=2H2O: ð1:3Þ

Reaction (1.1) is generally the ‘‘standard SCR reaction’’. As NO2 is always
present in the exhaust to some extent (maybe 10 % of NOx), Reaction (1.2) is also
pertinent, and is in fact the fastest and preferred NOx reduction reaction. To
promote this ‘‘fast SCR reaction’’ a DOC is commonly used to form more NO2

over platinum by the following reaction:

NOþ 1=2O2 ! NO2: ð1:4Þ

If too much NO2 is produced in the DOC, more than 1:1 = NO:NO2, then
Reaction (1.3) becomes operative. This is undesirable because the ‘‘excess’’ NO2

can yield N2O, which is a strong greenhouse gas:
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NH3 þ NO2 ! 1=2N2 þ 1=2N2Oþ 3=2H2O: ð1:5Þ

If the reactants are not well-mixed, if excess ammonia is injected to obtain high
deNOx efficiencies, or if ammonia stored on the SCR catalyst is released too fast,
ammonia emissions can occur. To remediate this, an ASC is utilized:

NH3 þ 3=4O2 ! 1=2N2 þ 3=2H2O: ð1:6Þ

SCR technology is entering its third or fourth generation since commercial
introduction in Europe in 2003. Then, systems were removing upwards of 75 %
NOx over the European HD Transient Cycle to meet Euro IV regulations. To meet
the US2010 and emerging Euro VI regulations in 2013, cycle-average deNOx
efficiencies approaching 95 % is realized. Work is continuing in the US to go even
higher in efficiency to meet the current and emerging LD NOx regulations. In both
HD and LD applications, targets of 98 % test-cycle deNOx efficiency are in the
scope for future systems.

To achieve this high level of efficiency, all aspects of the system need to be
optimized. An SCR system will generally comprise an ammonia delivery system,
and the catalyst system itself comprises the DOC (and typically DPF), SCR cat-
alyst, and the ammonia slip catalyst.

Casarella [16] shows the layout of a typical diesel emission control system
incorporating the DPF, Fig. 1.5. In the US, the urea solution is referred to as DEF.
In Europe, it is referred to as ‘‘AdBlue’’.

In addition to the SCR catalyst system (DOC, SCR, ASC, mixer) and the DPF,
the other main components of the system are the urea delivery system, comprising
the storage tank (DEF tank) and sensors, the heated delivery line, pump, and

Fig. 1.5 Layout of a DPF ? SCR system [16]
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dosing module, including the injector and mixer; and the control system, com-
prising the sensors, dosing control module, engine control module, and controller
area network (CAN) buses.

The following sections will provide more details on these subsystems.

1.4.2 Urea Delivery System

The urea tank, injector, controls, and mixer are significantly engineered systems.
Ostertag [17] provides an example of the tank design alone. Figure 1.6 shows the
heat-up features and basic designs. Urea is corrosive, so material selection is
limited to stainless steel and plastic. Because urea solution (32.5 % urea, balance
deionized water) will freeze at -11 �C, the design has to allow for the 7 %
expansion upon freezing and for rapid thawing to enable prompt use of the system.
Further, internal components like heaters, level and temperature sensors, and fill
and extraction lines need to be designed to withstand impact by solids in partially
thawed systems. The design shown in Fig. 1.6 has all these components integrated
into one unit (in yellow). Finally, and especially for NR applications, the draw
point for liquid urea needs to accommodate different vehicle angles of operation.

The urea pump, dosing module, and injectors play a critical role. Designs have
migrated from separate pumps and dosing modules to integrated designs [18];
from air-assisted to airless injection; and to systems with no return line. Injectors
are designed to disperse fine droplets (20–100 lm mean size) into the exhaust,
while minimizing contact with the exhaust pipe to minimize solid by-product
formation.

Fig. 1.6 Basic features of the heating system of a urea storage tank [17]
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Currently, good extended low-temperature (\200 �C) SCR performance is
limited by urea injection issues (evaporation and hydrolysis). Much of this is
dependent on good mixing. Improved mixers allow urea injections at temperatures
as low as 180 �C, and can result in NOx reductions of *30 % over the US cold
HD transient cycle relative to no mixer [19]. Alano et al. [20], describe a compact
mixer that needs only 75 mm of urea mixing length, compared to 350 mm in some
commercial LD SCR systems, enabling the SCR catalyst to be placed closer to the
engine for faster heat-up. The mixer achieves a urea mixing index of 0.95 (all
cross-section NH3 measurements are within 5 % of one another) over a range of
gas flows, with a maximum increase in back pressure of 0.4 kPa (4 mbar) during
accelerations relative to a conventional system. In the closer position, the SCR
catalyst got up to 25 �C hotter and achieved 67 % deNOx efficiency on the NEDC
versus 37 % for a catalyst placed further back.

To accomplish the same objective, urea hydrolysis catalysts are emerging.
Kröcher et al. [21] show that upwards of eight different decomposition products
are emitted from urea upon heating, but with a titania decomposition catalyst,
ammonia is produced at temperatures as low as 150–160 �C in model gas with no
other unexpected decomposition products.

Urea injection control can be quite complex, but it is migrating from open-loop
control based on engine operating parameters and engine-out NOx predictions, to
closed-loop control based on NOx or urea and temperature sensors. Good urea
control also needs to consider the ammonia stored on the catalyst. This will be
discussed in detail later.

1.4.3 Alternative Sources for Ammonia and Systems

Although the urea infrastructure is well developed in Europe, Japan, and the US,
finding alternative sources for ammonia is still of significant interest to enable SCR
catalysts to function better at low exhaust temperatures, decrease the size and cost
of the system, and to enable use of the system at very low ambient temperatures.
Johannessen [22] updated the developments on a gaseous ammonia system using
chloride-based adsorbents. Both HD and LD systems were described showing
100X dosing ranges within 5 % accuracy and\1.5 % deviation in set-point, under
a range of exhaust conditions. Start-up units initially draw 550 W in HD, and
250 W in LD applications, but go down to the 100 W range during normal
operation. Safety and durability issues appear addressed, and system optimization
through testing and simulation is continuing. A European consortia of automotive
companies was recently formed to begin standardizing the system and exploring
gaps [23]. In tests on the system in challenging low-load urban driving conditions,
gaseous ammonia injections started at 100 �C, and 25–83 % deNOx efficiency was
obtained, depending on the amount of ammonia stored in the catalyst. In other
reagent studies, Thomas and Highfield [24] describe some early performance data
with an ammonium formate and urea system containing 54 % water, versus
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67.5 % for standard urea solutions. Advantages include reduced freezing point
(-30 �C), better high-temperature storage stability, lower hydrolysis temperature,
no polymerization like with urea (fewer or no deposits), and they demonstrated full
‘‘drop-in’’ capability in a urea system on a new diesel pickup truck with an SCR
system.

1.4.4 DOC Overview

DOCs play two primary roles in commercial emission control systems:

(1) Oxidize HCs and CO, either to reduce emissions coming from the engine, or to
create exothermic heat used to regenerate a DPF.

(2) Oxidize NO to NO2 (Reaction (1.4), above), which is used to continuously
oxidize soot on a DPF, and for enhancing the fast SCR deNOx reactions
(Reaction 1.2), particularly at low temperatures.

This section will focus on the role of DOCs in SCR systems.
Henry et al. [25] looked at the interplay of the above two functions by using a

series of iterative reaction-decoupling experiments to explain interactions between
HC and NO oxidation. They show that NO oxidation is inhibited on Pt/Pd due to
the reduction reaction with NO2 by HCs. Long chain alkanes had a more adverse
effect than short chain alkenes due to slower oxidation rate with oxygen.
Decreasing space velocity was shown to help NO2 formation in the presence of
HCs. Prestoring HCs on the DOC improved NO oxidation up to 300 �C. The
interplay of CO and HC removal and NO2 generation takes another tack as well.
Spurk et al. [26] investigated NO2 coming from a catalyzed DPF for use in a
downstream SCR system. Surprisingly, they found the NO2 coming out of the
DOC and going into the DPF is not as important as the HCs coming from the
DOC. Essentially, the HCs going into the DPF can interfere with the NO2 for-
mation in the DPF. The total DPF platinum loading is more important to NO2

formation than total precious metal loading on the DPF.
Jen et al. [27] showed that platinum can migrate from DOCs (or presumable

DPFs) to SCR catalysts, if they are exposed to temperature greater than 670 �C for
extended periods of time (16 h). SCR efficiencies can decrease, especially if the
DOC is exposed to temperatures greater than 750 �C, as even minute quantities of
platinum can cause oxidation of ammonia. These temperatures might be experi-
enced during DPF thermal regenerations. Later, Cavataio et al. [28] showed that if
palladium replaces some of the platinum in the DOC, less migration can occur.
Although the 2:1 Pt:Pd mixture shows some deterioration in SCR deNOx effi-
ciency, it is much worse for the Pt-only formulation. Washcoat formulation and/or
processing can make a difference, and NO, HC, or CO oxidation is unaffected or
enhanced with the Pd additions.

Kim et al. [29] did a systematic study on the effects of varying the Pt:Pd ratio on
DOC HC and NO oxidation and durability in a variety of conditions. All bimetallic
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Pt–Pd catalysts show better HC light-off activity and thermal stability than the Pt-
or Pd-only catalyst. NO oxidation to NO2 was found to always depend directly on
platinum content, with similar durability trends as with HCs. Figure 1.7 shows a
schematic representation of these findings. They found that HC–CO mixtures
synergistically have *20 �C lower light-off temperatures than either one alone.

Going further in catalyst cost reduction, Wang et al. [30] developed an NO
oxidation catalyst that does not use any precious metal. The manganite-based
catalyst drops the optimum NO:NO2 = 1:1 oxidation temperature about
50–250 �C versus a platinum catalyst. Other manganite catalysts also exhibit CO
and HC oxidation characteristics [31].

DOCs can be a major source of the strong greenhouse gas N2O. Glover and
coworkers [32] also did a study on Pt:Pd effects on DOC properties, adding N2O
formation and looking more at fundamentals. CO plays a key role on the overall
catalyst performance by its positive effect on propylene oxidation which, in turn, is
responsible for NO reduction to N2O and the onset of NO2 formation. On the
Pt:Pd = 4:1 catalyst, propylene partially reduces NO to form N2O at about
200 �C, but this temperature shifts to 250 �C when CO is added. The effect of
higher Pd concentration on NO conversion is detrimental for NO oxidation to NO2,
but is positive for producing less N2O, especially at high oxygen concentrations.
NOx storage and release may play an important role in NO2 formation over the
lightly loaded full Pt DOC formulation studied. A 40 g/ft3 (1.4 g/l) bimetal for-
mulation (Pt:Pd = 4:1) is comparable on CO and HC light-off to a 113 g/ft3 Pt
formulation. Closing on N2O formation, Kamasamudram et al. [33] show pro-
pylene forms much more N2O than dodecane (C12H26).

1.4.5 SCR Catalysts

The heart of the SCR system is the SCR catalyst. Three general families of SCR
catalysts are in commercial use today: Vanadia ,tungsten, copper zeolite, and iron

Fig. 1.7 Effect of increasing
Pd mass fraction respect to Pt
content in DOCs. Low Pd %
does not significantly affect
NO oxidation, but improves
catalyst durability and HC
oxidation (adapted from Kim
et al. [29])
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zeolite. Walker [34] recently summarized the main characteristics of each of these
catalysts.

Copper zeolite has the best low-temperature performance and its steady-state
performance shows very little sensitivity to NO2 concentration. However, it is
susceptible to sulfur poisoning and requires an occasional high-temperature
cleaning step ([500 �C; Tang et al. [35]) to thermally remove the contaminates.
Copper zeolites have markedly improved in the last couple of years, making them
the preferred catalyst for high-performing systems.

Iron zeolite has the best HT temperature performance, but NO2 management of
the inlet gas is needed for improved LT performance. As such, system precious
metal usage on the DOC is higher. Fe-zeolites show no sulfur poisoning but
moderate HC poisoning is observed, minimizing the HT cleaning step.

Vanadia is the cheapest of the catalysts, but has poor HT durability (deteriorates
at 550–600 �C), and thus cannot be utilized in systems that have a DPF that
requires active regeneration (T [ 650 �C). As with iron zeolites, the LT perfor-
mance strongly depends on NO2 availability.

Figure 1.8 shows the sensitivity of the three types of catalysts to the inlet NO2/
NOx ratio at 200 �C, wherein copper zeolite shows superior LT deNOx perfor-
mance with no or little NO2 in the gas. However, in a standard system with a DOC
for HC control that will also oxidize NO to NO2 for optimum performance,
vanadia performs similarly to copper zeolite in the temperature range of
225–275 �C, but iron zeolite is inferior. Copper zeolite almost as well as Fe zeolite
are at temperatures higher than this.

SCR catalyst formulations and design are improving both low- and high-tem-
perature performance through better dispersion of the cation in the zeolite and with
much more durable zeolite structures. HC and sulfur poisoning effects are
becoming better understood and controlled, for example, through better modeling
of deterioration and more restrictive zeolite cages that keep most HCs from
entering the catalyst structure.

Vanadia SCR catalysts are used in Europe, the emerging markets, and in some
agricultural applications in the US, but not in Japan due to durability issues related
to thermal exposure when DPFs are regenerated. Advances are now reported [36]
on vanadate SCR catalysts that have no volatility up to 750 �C or higher, versus
550–600 �C for some commercial catalysts, giving them similar HT durability to

Fig. 1.8 Sensitivity of SCR
catalyst deNOx performance
inlet NO2 content at 200 �C
[34]
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zeolites. DeNOx performance at 250 and 350 �C is 5–10 points better after HT
aging ([700 �C) than for a benchmarked commercial catalyst, but less severely
aged catalysts have lower efficiencies than the base catalyst. Walker [37] reports
that new Cu-zeolite formulations now sustain aging to 900 �C and form less N2O.
Narula et al. [38] show that it is possible to modify zeolite structures systemati-
cally to influence the electron density at metal centers, and to provide ammonia
bonding sites in the vicinity of the metal centers. They replaced alumina in the
structure with several trivalent cations. In another contribution [39], they showed
that chemical mixtures of copper and iron zeolites can improve LT performance
over than copper alone, and when lanthanum is added to the binary formulation
performance is improved further.

HC poisoning is an issue for both Cu- and Fe-zeolites. HCs can accumulate at
the lower temperatures, and then ignite at the higher temperatures, causing thermal
deterioration of the catalyst. Prikhodko et al. [40] quantified HC adsorption for
state of the art Cu- and Fe-zeolites. They show that Fe-zeolite adsorb upwards of
5–10 times more HCs than Cu-zeolite, but the Cu-zeolite oxidizes a higher per-
centage upon release. The authors show that both types adsorb more HCs in PCCI
combustion mode (premixed charge compression ignition) than in conventional
diesel combustion mode due to changes in HC speciation. Cu-zeolites are more
susceptible to both HC uptake and generation of oxidation exotherms. This is more
significant for LD applications wherein PCCI mode is used more, and more time is
spent at lower temperatures. Luo et al. [41] studied the effects of propylene (C3H6)
and dodecane (n-C12H26) exposure on the SCR performance of two Cu-exchanged
zeolite catalysts, one was a state of the art Cu-zeolite with relatively small pores
(unspecified type), and the other was a standard Cu-BEA zeolite with somewhat
larger pores. The small-pored sample was completely unaffected by dodecane at
temperatures lower than 300 �C, and only slightly inhibited (less than 5 % con-
version loss) by propylene. With the standard catalyst at 150 �C, no propylene
inhibition was noted due to oxidation of the HC; but at 300 �C, both oxidation
intermediates and coke formation led to deactivation. Dodecane inhibition was
observed over the whole temperature range by strong HC adsorption blocking of
pores and active catalyst sites. The small pores in the state of the art sample do not
allow the diffusion of large HC molecules into the pores that hinder adsorption
onto active sites. Han et al. [42] showed that low-temperature performance and
reduced HC effects can be achieved if a ceria oxygen storage catalyst is layered on
top of an iron zeolite catalyst. The catalyst helps urea decomposition, thus
improving the low-temperature deNOx capability from 32 to 58 % at 200 �C an
LD steady-state test. After 8 h of exposure to high HC levels from a burner, the
layered catalyst maintained a deNOx efficiency of 80 % at 240 �C, while the
original version was only at 60 % under the same conditions due to HC poisoning.

On sulfur poisoning, Tang et al. [35], used SO2 exposure levels equal to those
obtained with ultra-low sulfur diesel fuel (\15 ppm sulfur), and show that copper
zeolite catalyst started losing deNOx efficiency after about 400 h of operation at
temperatures of 200–300 �C. These results are shown in Fig. 1.9. Through 1,300 h
of operation, the catalyst had deteriorated continuously from 98 % deNOx
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efficiency to 60 % efficiency. Also, the NO2:NOx ratio from the filter deteriorated
from 0.60 to 0.30 during the first 600 h, but then remained the same. They found
that most of the sulfur was in the top layer of washcoat in the first third of the
catalyst. Most of the poisoning was attributed to ammonium sulfate, which comes
off at 400–500 �C, and to a much lesser extent, copper sulfate, which comes off at
500–850 �C. When heated to 500 �C, the SCR catalyst performance recovered,
and this was done every 700 h of operation at the lower temperatures.

Regarding the SCR catalyst substrate support, today, SCR substrates generally
have 300 and 400 cells/square inch (300- and 400-csi). Heibel [43] showed that in
the mass transfer controlled regime (230–350 �C), 600-csi substrates react 35 %
faster than 400-csi catalysts. Substrates with higher cell densities are being eval-
uated in advanced programs for improved deNOx performance.

SCR catalyst systems will age, and this needs to be understood for good per-
formance over the full useful life of the catalysts. Bartley et al. [44] describe NH3

storage capacity measurement data as a function of SCR catalyst aging time and
temperature. The researchers modeled the aging using first principle Langmuir
adsorption isotherms. These data can be used in model-based control algorithms to
calculate the current NH3 storage capacity of an SCR catalyst operating in the
field, based on time and temperature history.

The US Environmental Protection Agency (EPA) capped nitrous oxide (N2O)
emissions in both the LD and HD greenhouse gas rules, so much work is being
done to understand its sources. Kamasamudram et al. [33] show that N2O is very
stable, and forms by three mechanisms in an SCR catalyst:

• LT (T \ 250 �C) decomposition of ammonium nitrate by the reaction:

NH4NO3 ! N2Oþ 2H2O ð1:7Þ

• HT oxidation of ammonia by copper zeolites by the reaction:

2NH3 þ 2O2 ! N2Oþ 3H2O ð1:8Þ

Fig. 1.9 DOC ? CSF
begins deteriorating after
about 250 h of operation in
‘‘deratd FTP’’ testing
(200–350 �C) simulating fuel
with 15 ppm sulfur. Four g/l
sulfur is roughly 400 h of
operation in the simulation
that uses 35 ppm SO2. Cu-
zeolite deteriorates after
400 h [35]
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• Reaction of excess NO2 ([50 % of NOx) to form ammonium nitrate by the
reaction:

2NH3 þ 2NO2 ! NH4NO3 # þN2 þ H2O ð1:9Þ

Ammonium nitrate then immediately decomposes by Reaction (1.7) at tem-
peratures greater than 200 �C.

Kamasamudram et al. [33] show that increasing copper loading in the Cu-
zeolite SCR catalyst can decrease N2O formation by the first two mechanisms, and
better DOC design and control can prevent the third mechanism. The investigators
show that it is possible to reduce N2O to nitrogen, but these reactions occur at
much higher temperatures than those at which they are formed.

1.4.6 Ammonia Slip Catalysts

In high performing SCR systems, excess ammonia is injected to make sure
ammonia and NOx are present together at the catalyst for high conversion effi-
ciency. Some unreacted ammonia may pass through the catalyst, so ammonia slip
catalysts are needed. The catalysts can have good selectivity to nitrogen, but these
catalysts can also form N2O. Matsui et al. [45] show in Fig. 1.10 that upto 80 % of
the ammonia going into the slip catalyst can convert into N2O if there is also a
relatively high amount of NO (2X vs. NH3); the reaction is,

4NH3 þ 4NO þ 3O2 ! 4N2Oþ 6H2O ð1:10Þ

A high NO:NH3 ratio coming out of the SCR catalyst can occur, for example, if
there is poor urea mixing prior to entering the SCR catalyst, and urea is injected at
less than stoichiometric requirements, or if ammonia is partially oxidized

Fig. 1.10 Nitrous oxide
formation in ammonia slip
catalysts is promoted by high
NO:NH3 ratios coming out of
the SCR catalyst [45]
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(by Cu-zeolite, for example) to form NO. Kamasamudram et al. [33] show that slip
catalysts with lower precious metal content minimize N2O formation.

Ammonia slip catalysts are improving in terms of cost and selectivity to
nitrogen. Figure 1.11 from Walker [34] shows modern catalysts have similar
performance to the first generation catalysts, but with only 20 % of the platinum
loading. The latest catalyst has much better selectivity to nitrogen with less
undesirable by-products, yet with half the precious metal of its predecessor.
Formation of NO and NO2 is still an issue but improving.

1.5 SCR System Design

Many new SCR systems designs are emerging to meet the tightening cold start and
deNOx efficiency requirements under low-load urban driving conditions.

For LD applications, Holderbaum and Kwee [46] evaluated the placement of
the SCR relative to the DPF. Considering the added fuel needed to heat the SCR
system for cold start, and to regenerate the DPF with different frequencies due to
changes in passive NO2 regeneration, the authors conclude that for an 1,800 kg car
with a 2-l engine, if cold starts occur more frequently than once every 60 km, it is
better to place the SCR in front of the DPF. Figure 1.12 shows some results. Note
that the 60 km threshold is greater than the distance used in certification cycles,
wherein placing the SCR behind the DPF incurs a 2 % fuel penalty versus a front
placement. The forward SCR placement aids European certification for both CO2

and NOx emissions.

Fig. 1.11 Generational improvements in ammonia slip catalysts. Early improvements dropped
cost with minor compromise in selectivity. The latest generation recovers the performance with
greatly reduced precious metal loading [34]
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For US LD diesels, removing cold start NOx emissions are key to meeting the
tailpipe emissions regulations. A new combination NOx adsorber and SCR catalyst
configuration was shown by Henry et al. [47, 48]. Figure 1.13 shows some per-
formance characteristics and the concept when coupled with an SCR catalyst. The
system consists of an upstream PNA that might capture 65 % of the NOx at tem-
peratures less than 150 �C, and then passively releases it at temperatures greater the
150 �C. At these temperatures, a copper zeolite is just becoming active and can
reduce some of this released NOx. The technology enables NOx reductions of about
15 mg/mile (24 mg/km) on the US LD FTP cycle. Walker [34] reported on
improvements in the PNA wherein stored NOx is held up to 250–300 �C.

Work is continuing on the combination SCR ? DPF system, wherein SCR
catalyst is coated onto the DPF. This allows SCR catalyst to be placed on the
vehicle without using an added component, and can get the SCR catalyst closer to
the engine for faster light-off. Numerous reports dating to 2008 show that total
NOx removal efficiency is thus improved, with little to no compromise in DPF
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Fig. 1.12 Considering fuel consumption for heating and regenerating the system, placing the
SCR in front of the DPF in light-duty applications is beneficial if there is less than 60 km between
cold starts [46]

Fig. 1.13 An upstream
passive NOx adsorber (PNA)
captures NOx generated at
T \ 150 �C. A LT urea-SCR
catalyst can then convert this
NOx upon release at
T [ 150 �C [47]
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regeneration. Walker [34] and Folic and Johansen [49] show that passive DPF
regeneration with NO2 is adversely impacted by adding SCR catalyst to the DPF,
but still occurs and can be managed. Tan et al. [50] found that DPF regeneration
calibration needs to be adjusted to longer times or higher temperatures to get the
same cleaning performance as the base DPF system. They also showed a new issue
when soot is accumulated on the DPF ? SCR: Ammonia storage capacity
decreases for fresh samples at all temperatures and soot loadings tested
(200–350 �C, 1.0–2.5 g/l), but is not affected by soot loading for aged samples
(except at 200 �C). Loss of ammonia storage capacity impacts SCR performance
at 200 �C, but not at 300 �C at a soot load of 2 g/l. Schrade et al. [51] demon-
strated the opposite effect of soot on ammonia storage capacity, so this is still an
open question. They also report that soot on the DPF can help deNOx functionality
if the NO2 content is higher than optimal, but hinders it if the NO2 is lower. The
soot will be oxidized by NO2, resulting in lower levels getting to the underlying
SCR catalyst. Folic and Johansen [49] also looked at the relationship between filter
porosity, SCR catalyst deNOx efficiency, and back pressure. With all filters, there
was an optimum back pressure versus deNOx performance, wherein generally they
both increase together, but at higher catalyst loadings, the deNOx efficiency can
decrease with increasing back pressure. Filters with [60–65 % porosity have
better deNOx performance at a given back pressure than filters with \60 %
porosity.

Urea injection parameters are determined by NOx quantity in the exhaust
(concentration and flow rate), temperature, and the amount of ammonia stored in
the catalyst. There is normally closed-loop feedback control using an NOx sensor
at the SCR exit, and in many applications, an NOx sensor is used upstream to
determine inlet NOx levels.

As urea generally cannot be injected at temperatures less than 180 �C due to
evaporation and hydrolysis kinetics, it is important to properly manage ammonia
storage in the catalyst for low-load applications. Murata et al. [52] show that SCR
efficiency at temperatures \265 �C is strongly dependent on the amount of
ammonia that is stored in the catalyst. They developed an algorithm that kept
stored urea within control limits, resulting in improved deNOx efficiency, from
nominally 50–75 % in the Japanese HD transient cycle with an average temper-
ature of only 160 �C. The concept is shown in Fig. 1.14.

Another approach to managing the stored ammonia for improved low-tem-
perature performance is described by Yasui et al. [53] and illustrated in Fig. 1.15.
They use two Fe-zeolite SCR catalysts placed downstream from the DPF system.
An ammonia sensor is placed between the two SCR catalysts, and ammonia is
generously injected to keep the first catalyst loaded at all times, as conditions
allow. This accomplishes two goals. First, the efficiency of the SCR system is
improved as there is plentiful ammonia present in the system. More importantly,
the strategy helps cold start management. In traditional cold start thermal man-
agement, the SCR catalyst is heated as fast as possible to get it . Here, the catalyst
is always loaded with ammonia, and the catalyst is heated slowly to prevent rapid
release of ammonia during this period.
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1.6 Onboard Generation of Ammonia Using Lean
NOx Traps

LNT is a very different deNOx concept from SCR, and is a favored approach for
smaller vehicles. But it is also being used in conjunction with SCR catalysts, so a
few comments are warranted here. The LNT adsorbs NOx as an alkaline earth
nitrate (baria, potassia) during lean operation. Eventually the capacity to efficiently
adsorb NOx is reached, and the LNT is regenerated with a periodic migration to a
rich exhaust gas. The nitrate decomposes, and the released NOx is reduced by CO
and HCs on a rhodium catalyst in the absence of oxygen, as in a three-way
catalyst. The lean-rich periods are nominally 30–90 s lean and 2–6 s rich, but this
can vary tremendously depending on driving conditions. During the brief rich
period, ammonia is formed and can be captured in a downstream SCR catalyst, and
used for additional NOx reduction during the lean period.

The first LD diesel sold in the US to meet recent tailpipe regulations had the
BlueTecTM 1 emission control system, utilizing an LNT followed by an SCR
catalyst. The unique system used the rich cycle of the LNT to generate ammonia,
which was captured and used by the downstream SCR for lean NOx reduction.
Weibel et al. [54] reported that ammonia selectivity increases with aging and rich
period, and decreases with increasing the air/fuel ratio (k). Under conditions of
k = 0.88 and rich periods of 5 s (180 s lean), ammonia selectivity is greater than
70 % in the temperature range of 225–350 �C for all aging tests temperatures
greater than 600 �C and 50,000 miles. The SCR adds about 20 % deNOx effi-
ciency over an LNT-only configuration.

Fig. 1.14 Key controlling
parameters in algorithm for
the use of stored ammonia.
An adsorption model is used
to define a desired range of
stored ammonia. Ammonia
release is conveniently
predicted for SCR NOx
conversion (Adapted from
Murata et al. [52])

1 Review of Selective Catalytic Reduction 23



Theis et al. [55] reported on an interesting study whereby they alternated LNT
and SCR slices in one can to check the effect of NOx, ammonia, and HC distri-
bution on deNOx performance. The system performance improved as the number
of alternating slices of the LNT and SCR increased, keeping the total volume
constant. The deNOx efficiency for the eight segment system (four pairs of LNT
and SCR catalysts) was 81 % in a reference test at 275 �C, versus 78 % for four
segments and 60 % for two segments. The reference single LNT with no SCR
catalyst had only 30 % deNOx efficiency. The authors also show reduced N2O,
NH3, HC, and CO emissions with the segmented systems. Various dynamics are
operative, but the segmented systems tend to better-match the NO and ammonia
concentrations in the SCR, and alternating SCR slices better-adsorb HCs for
enhanced utility. Harold et al. [56] went a step further, and layered the SCR
catalyst on top of the LNT catalyst. Relative to an LNT alone, the layered com-
bination reduced 25 % (absolute) more NO at 200 and 250 �C with very high
selectivity to nitrogen (95 %+) compared to 30–75 % for the LNT alone. Further,
they added ceria to the LNT formulation in the back zone of the catalyst to achieve
better low-temperature performance due mainly to improved water–gas shift
reaction and additional LT NOx storage.

Xu et al. [57] reported vehicle and laboratory testing on a second-generation
LNT ? SCR system. The DOC ? LNT ? SCR ? DPF system was installed on a
prototype F-150 pickup truck (2,610 kg, 4.4 l V8, turbo-diesel). The aged system
(64 h, 750 �C) reduced NOx by 96 % to 13.5 mg/mile, and HC emissions were
14 mg/mile (-99 %), bringing the vehicle to within the emerging California Low
Emission Vehicle 3 (LEVIII) limit values (30 mg/mile HC ? NOx) on the stan-
dard certification test cycle. The laboratory work focused on HC reductions from

Fig. 1.15 Layout of a new LD SCR system incorporating two SCR catalysts with an ammonia
sensor in between. The first catalyst is kept loaded with ammonia, as indicated by the sensor [53]
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the system. The SCR component reduced HCs about 75 %, mainly by adsorption
under rich conditions and oxidation under lean conditions. Cavataio et al. [58]
compared this capability to that of a urea-SCR system for meeting the US EPA
Tier 2 Bin 2 (or California LEVIII fleet average) standards. Although the
LNT ? SCR system is 18 % smaller it had met the target emissions, while the
SCR system fell short. Further, the LNT ? SCR system is estimated to be slightly
cheaper, but has most of the cost tied up in precious metal (with its inherent price
volatility). On the downside, the fuel penalty was high at 10 %, versus 2 % for the
SCR system. Also, sulfur management of the LNT ? SCR system was not
considered.

Although the LNT ? SCR system has not been commercialized since being
used on the 2009 Mercedes Benz E320 in the US, it is still generating significant
interest and we may see its renewed adaption as understanding and performance
improves. It is quite possible that lean-gasoline applications will use a version of
the technology, perhaps with a TWC instead of an LNT. NOx emissions are too
high to make urea-based SCR as attractive as it is for diesel, and reports are
surfacing that are attractive [59, 60].

1.7 Outlook

SCR is the leading lean deNOx technology today. SCR was first introduced tested
on trucks in the mid-1990s. The deNOx efficiency was about 50–60 % and the
swept volume ratio (SCR catalyst/engine displacement) was about 6:1. Today, we
are entering the fourth generation of commercialized SCR catalysts, and NOx
emissions dropped 90 % using a system half the size. An analogy might be used
for the three-way catalyst in the mid-1990s. At that time it was in its third or fourth
generation. Today, 15 years later, modern TWCs have 95 % lower emissions and
70 % less precious metal. There is still plenty of opportunity for improvement in
the SCR system.

One significant opportunity is improving low-temperature performance. Areas
for improvement are delivering ammonia at temperatures down to 100 �C,
understanding and improving ammonia storage in the catalysts, and improving the
low-temperature NOx reduction activity of the catalyst.

Another opportunity is in understanding and improving how SCR catalyst
systems age. In HD applications the catalyst may need to operate for a million
kilometers. Thermal aging and poisoning need to be better understood to allow
tighter control and high deNOx efficiency throughout the useful life.

There is much emerging opportunity in size reduction through consolidation of
components. Engines in all applications will go lean and need deNOx. Many of
these, such as smaller cars and NR applications (tractors, small construction
equipment), do not have much space for large systems. Illustrated above, con-
solidation of the SCR and DPF can save space and cost with little compromise in
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performance. TWCs today are layered and zoned, and Harold et al. [56] show the
potential of extending this approach to SCR systems.

Perhaps the most significant consideration going forward will be on CO2

reductions. New fuels and combinations will be used, exhaust temperatures will
drop, and the charges will be lean. NOx emissions regulations will not loosen, and
are showing signs of tightening again. SCR will be a vital technology to address
these future challenges.

1.8 Conclusions

1.8.1 Regulations and Engine Technologies

Tightening mobile NOx regulations are driving lean deNOx control, especially in
the HD sector, but also in the US and Japanese LD diesel market, and soon in
Europe. HD engine fuel consumption can benefit significantly by running at high
engine-out NOx. DeNOx efficiencies of 98+ % can have significant advantages in
fuel consumption and less engine hardware (EGR). In the LD sector, this level of
deNOx efficiency is needed to meet the US regulations, with the main opportunity
in reducing cold start emissions. Although most European LD diesels can meet the
emerging Euro 6 regulation without NOx aftertreatment, it is desired to reduce
NO2 emissions and save fuel through higher NOx engine calibrations. Urea-SCR is
the leading approach in all segments, and is accomplishing deNOx efficiencies of
95 % with reasonable systems and temperature ranges.

1.8.2 Onboard Ammonia Delivery Systems and SCR Catalyst
Systems

Urea-water solutions are the only commercialized source for ammonia for SCR
systems. This requires an onboard urea storage and injection system. These are
highly engineered systems to provide for the freezing of urea, and monitoring and
pumping it for injection. Injection temperatures are limited to about 180 �C due to
deposit formation, but hydrolysis catalysts are evolving to drop this temperature.
Urea-exhaust mixers are critical to get good SCR performance. Gaseous ammonia
systems are in development, enabling ammonia injection down to 100 �C.

Much of the new reports on DOCs concern the interplay of precious metal
formulations on cost reduction, HC oxidation, NO oxidation to NO2, and the
formation of N2O. HC and CO oxidation is promoted by replacement of platinum
with palladium, but NO2 formation is compromised. NO2 cannot form if HCs are
present, as the HCs will reduce any NO2 back to NO. HCs are also instrumental in
reducing NO to N2O, particularly at *200–250 �C if CO is not present.
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Commercial SCR catalysts fall into three types: vanadia, copper zeolite, and
iron zeolite. Copper zeolite is the best performing across the temperature range and
has excellent thermal durability. Vanadia catalysts are the lowest cost, and can
perform well at low temperatures but need good NO2 management, as do iron
zeolites. Iron zeolites have the best high-temperature performance. Much effort is
being put on understanding and improving durability. Vanadia systems deteriorate
at high temperature ([550 �C), but are not sensitive to sulfur poisoning. Copper
zeolite needs to be periodically desulfated at [500 �C, and both copper and iron
zeolites are susceptible to HC poisoning. N2O formation in the SCR system is
under much investigation now. Ammonia storage and management is critically
important for good low-temperature performance and much progress is being
made in this regard.

Emerging systems design includes consolidation of the SCR and DPF into one
unit. Impacts on deNOx efficiency are minimal, but passive DPF regeneration with
NO2 is reduced. PNA are emerging. They adsorb NOx at low temperatures and
then passively release the NOx, upon further heating. They can be coupled with
appropriate SCR catalysts for much-improved LT performance. Some effort is
being made on generating ammonia onboard using lean NOx traps (LNTs), with
preferences migrating to putting the LNT and SCR in closer proximity to one
another (sequential slices or layering on the same catalyst).

1.8.3 Outlook

The outlook is optimistic that SCR systems will achieve 98+ % deNOx efficiency.
Emerging issues are related to improved low-temperature performance, enhanced
durability, and reduced size and cost.
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Chapter 2
SCR Technology for Off-highway
(Large Diesel Engine) Applications

Daniel Chatterjee and Klaus Rusch

Abbreviations

BMEP Break Mean Effective Pressure
BSO Bodensee-Schifffahrts-Ordnung (local regulation for ships on Lake

Constance)
CPSI Cells per Square Inch
DOC Diesel Oxidation Catalyst
DPF Diesel Particulate Filter
EPA Environmental Protection Agency
EU European Union
HFO Heavy Fuel Oil
IMO International Maritime Organization
NRTC Non-Road Transient Cycle
PGM Precious Group Metals
PLC Programmable Logic Controller
PM Particulate Matter
SCR Selective Catalytic Reduction

2.1 Introduction

The term Off-highway includes a great variety of diesel engine applications like
propulsion of ships, mining trucks, harvesters, trains, power generation and pump
drives, e.g. for hydraulic fracturing (see Fig. 2.1). In a broader sense, even power
generation and pump drives need to be considered mobile, as they are often
mounted into containers or onto trailers.
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Diesel engines for off-highway applications can be heavy-duty derivatives,
mainly for the power range below 560 kW, or special designed diesel engines.
Engines with a power output of more than 560 kW are referred as large diesel
engines. The power output of these large engines reaches up to 100 MW. Based on
their speed of rotation, large diesel engines are divided into high-speed engines
([1,000 rpm), medium-speed engines (400–1,000 rpm) and low-speed engines
(\400 rpm). Typically, the displacement increases as the rotating speed of the
engines decreases. Usually, medium- and low-speed engine displacements range
from 30 to 2,000 L/cylinder (e.g. large two stroke engines), whereas those for
high-speed engines typically lie between 0.2 and 20 L/cylinder. An example of a
high-speed engine and a medium-speed engine can be found in Figs. 2.2 and 2.3.

A further differentiation is the fuel. Most high-speed engines are using high-
quality standard diesel fuel like trucks or passenger cars. However, heavy fuel oil
(HFO), which can contain a significant amount of sulfur (up to 5 %) [1], is the
preferred fuel for medium- and low-speed engines.

Exhaust emissions from off-highway diesel engines have to comply with more
and more stringent emission regulation. Similar to diesel engines used in heavy-
duty trucks or passenger cars, the reduction of exhaust emissions requires a
combination of engine-internal measures and aftertreatment technology. Corre-
sponding to the engine size and application, exhaust gas aftertreatment technol-
ogies for off-highway diesel engines combine on-highway as well as power plant
technology (see Fig. 2.4).

The dimensions can range from SCR boxes well known from on-highway trucks
up to house-like industrial systems for diesel engine power plants (see Fig. 2.5).

Marine Industrial Defense Oil Gas Power
• Yachts
• Commercial

• Rail
• Agriculture

• C&I
• Mining

• Vehicles
• Navy

• Onshore
• Offshore

• Emergency Power 
• Prime  Power
• Continuous Power

Fig. 2.1 Off-highway applications for diesel engines (Pictures MTU)
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Engine Configuration

cylinder 
numbers

8V,12V,
16V, 20V

displacement 
per cylinder

4.77 l

power range 1 to 3 MW

max. power 
per cylinder

150 kW

rated speed 1800 rpm

rated BMEP 21.0 bar

Fig. 2.2 Example of a large high-speed engine (MTU S4000) (Picture MTU)

Engine Configuration

cylinder 
numbers

6,8, 9, 
12, 16

displacement 
per cylinder

32 l

power range 3 to 8 MW

max. power 
per cylinder

500 kW

rated speed 750 rpm

rated BMEP 24.9 bar

Fig. 2.3 Example of a large medium-speed engine (Bergen B32:40) (Picture Bergen Engines AS)

Heavy Duty Design Power Plant Design

Fig. 2.4 Influences and roots of off-highway exhaust gas aftertreatment systems (Pictures MTU)
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Because the SCR technology for smaller engines can directly be derived from
available on-highway technologies, this chapter will focus mainly on the specific
requirements of large diesel engines with a power output larger than 560 kW.

2.2 Off-highway Emission Legislation

Due to the increasing awareness of air quality, stricter emission limits have been
introduced, which will be even further tightened for off-highway diesel engines in
the coming years. Depending on the application and the location, different emis-
sion limits apply. The most stringent emission regulations are currently imposed
by the European Union (EU) and the Environmental Protection Agency (EPA) in
USA. Off-highway diesel engines have to fulfill different emission standards,
depending on the application.

Nitrogen oxides (NOx) and particulate matter (PM) are the main pollutants,
which are in the focus of the current emission legislations. Figure 2.6 gives an
overview of emission limits for engines with a power output higher than 560 kW. It
should be noted, that especially EPA Tier 4 will require very low exhaust emissions.

Fig. 2.5 Off-highway diesel engines with SCR range from truck-like mobile systems up to
stationary power plants: a Railcar 700 kW, b Container Genset 3 MW, c Ship Propulsion 7 MW,
d Stationary Two-Stroke Engine 50 MW (Pictures MTU and Johnson Matthey)
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An additional challenge arises from the fact that, depending on the application,
different test cycles have to be used for the certification of engines. The test cycles
shown in Fig. 2.7 reveal that engines are operated only in selected areas of the
engine map during respective certification runs. Only steady state test cycles are
used for off-highway engines with a power output greater than 560 kW. For
mobile machinery engines with a power output below 560 kW, the NRTC is added

Fig. 2.6 EPA and EU
emission legislation for
engines [560 kW (Emission
limits taken from [2])
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as a transient test cycle. On-highway heavy-duty engines with SCR exhaust gas
aftertreatment always have to pass a transient and mostly additionally a steady
state test cycle.

During the steady state test cycle, the engine is operated at constant speed and
load while the emission measurement is conducted. After each emission mea-
surement, the operating point is changed and the next measurement will be per-
formed. Finally, the overall test cycle result is calculated by a weighted sum of all
measurements. During the NRTC test, the engine is operated fully transient, with a
continuous measurement of the emissions. Therefore, the aftertreatment system
has also to be able to perform under transient conditions. This fact leads to specific
requirements, e.g. highly accurate urea dosing. More details on emission legisla-
tion and certification procedures can be found in [2].

As a consequence, different engine and aftertreatment calibrations are required
with respect to the corresponding application. Furthermore, depending on the
application and the required emission limits, different exhaust gas aftertreatment
technologies have to be used. Examples are DPF only, SCR only and combined
DPF ? SCR aftertreatment systems.

2.3 SCR Systems for High-Speed Engines

Up to a few hundred kW of power output, on-highway engines or derivatives are used
also for off-road applications. For most of these applications, the exhaust technology
is very similar if not equal to on-highway systems. Yet, engines with a higher power
output or applications with special regulations require different solutions.

Fig. 2.7 Engine operating points of different off-highway test cycles (Data taken from [3])
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2.3.1 Small Ship Applications

Due to worldwide-applicable IMO III regulation coming into force within the next
few years, aftertreatment will come into focus for ocean going vessels. Local
regulations have also led to the development of NOx reduction systems for smaller
ships. For example, the Bodensee-Schifffahrts-Ordnung (BSO) is setting NOx-
limits for ships on Lake Constance in Germany, Switzerland and Austria. In
addition to the specific emissions in [g/kWh], the absolute amount of emitted NOx

in [g/h] is limited, too, requiring sport boats to use exhaust gas aftertreatment. For
such small applications on-highway SCR-technology is suitable. While urea
dosing and catalyst systems can be sourced from mass produced on-highway
components, catalyst housing and insulation have to be adapted to the available
space on board as well as to other requirements, such as maximum surface tem-
perature and thermal protection.

As the necessary storage capacity for reducing agent is small, it might be
reasonable to use NH3 gas as reducing agent instead of aqueous urea. Figure 2.8
shows a system realized by H+H Umwelt und Industrietechnik for a 300 kW
engine. The reducing agent dosing system consists of a mass flow controller and a
shut-off valve only. While the local authorities have allowed this kind of solution
for the Lake Constance, NH3 gas bottles are not allowed for most applications due
to safety reasons. Solutions for solid storage of NH3 are being developed and allow
direct dosing of gas without the inherent danger of compressed ammonia [4].
Reductant supply systems are discussed in detail in Part VI of this book.

2.3.2 Rail Applications

Stringent emission limits for EU and US railroads have forced the introduction of
exhaust gas aftertreatment for rail diesel engines. While the most complete pol-
lutant reduction could be achieved with a combined particulate filter and SCR
system, an alternative way to meet legislation could be through tuning the engine
to meet PM emission limits without a particulate filter and use SCR for NOx

reduction.
Severe packaging constraints force a high integration of engine and exhaust gas

aftertreatment. For railcars, for example, engines, aftertreatment including urea
tank, generators and coolers are combined into so called power-packs. Figure 2.9
shows an MTU power pack with a 700 kW diesel engine. The SCR system is
replacing the silencers mounted left and right to the engine. Figure 2.10 depicts the
integration of urea dosing and mixing, as well as the silencing function into the
aftertreatment box [5]. On-highway technology is used for urea dosing as well as
for catalyst and canning. Power-packs with derivatives of truck engines even use
truck silencers with minor modifications.
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2.3.3 Gensets

With high-speed engines up to a power output of a few MW, electrical power
generation is available as containerized systems [6]. Figure 2.11 gives an example
of such a genset. Mostly used as emergency and peak power systems, such engines
are characterized by fast load response. The dynamic of exhaust temperature and

Fig. 2.8 SCR system for a 300 kW engine with a engine and catalytic reactor and b gaseous
NH3-dosing from a compressed gas cylinder (Pictures H+H Umwelt und Industrietechnik)

Fig. 2.9 Diesel-electric power-pack with MTU 12 V 1600 R80L and SCR aftertreatment. Diesel
engine, generator, exhaust-system, tanks and other auxiliary systems are packaged on a frame for
under-floor mounting on railcars (Picture MTU)

Fig. 2.10 SCR system for the EU III B certified MTU 12 V 1600 R80L engine for railcars with
a urea dosing and b mixing section, c catalyst and d silencing integrated into a compact housing
(Picture MTU)
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flow is comparable to on-highway applications or mobile machinery. Aftertreatment
systems have to be highly integrated in order to fulfill the space requirements. Since
these demands are similar to on-highway applications, technology derived from
heavy-duty trucks is used for pumping and dosing of reductant fluid, most com-
monly a 32.5 % urea solution.

Catalyst canning and housing technology have their roots in heavy-duty truck-
systems, preferably with a mixing section integrated into the catalyst housing as
shown in Fig. 2.12. Depending on the allowable pressure drop, the catalyst cell
density can go up to 400 cpsi and the space velocity can reach 50,000 1/h.

For engines with very high power density, the temperatures downstream of the
turbo charger may exceed 550 �C. The usage of on-highway vanadium-type cat-
alysts is limited by the maximum exhaust temperatures and has to be evaluated
carefully. For temperatures above 450 to 500 �C, ammonia oxidation as an
undesired side reaction may reduce the NOx conversion capacity. At temperatures

Fig. 2.11 MTU 16 V 4000 genset with SCR aftertreatment integrated into a container (Picture
MTU)

Fig. 2.12 SCR System for a
containerized genset with
MTU 16 V 4000 engine,
using on-highway-derived
technology for dosing,
canning and catalyst (Picture
MTU)
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above 550 �C, the catalyst formulation has to be tested to guarantee that the
catalyst possesses sufficient aging resistance [7]. The optimum vanadium content
of a catalyst for those engines may therefore be lower than for an on-highway
application where low temperature activity is more important. Also zeolite-type
catalysts may be an alternative. However, sulfur free fuels are mandatory to allow
the use of zeolite technologies as well as PGM catalysts for pre-oxidation and for
reduction of NH3 slip. Systems run for emergency-power or peak-shaving will in
general have lower temperature profiles than systems for continuous power. This
may lead to a different catalyst and system design depending on the exhaust
temperature profile. Details about different catalyst formulations and their appli-
cation range are discussed in Part II of this book.

2.4 Medium and Low-Speed Engines

Derived from power plant technology, first medium- and low-speed diesel engines
for gensets were equipped with SCR technology in the late 1980s. Cell density of
power plant catalysts is normally given in cells per 150 mm edge length while for
automotive catalysts cells per square inch (CPSI) is used. Power plant catalysts
usually are square-type honeycombs with 150 mm edge length and less than
40 9 40 cells (&46 cpsi). Since the introduction of NOx aftertreatment for heavy-
duty vehicles, round-shaped catalysts with up to 15 inch in diameter and higher
cell densities are available, which are also used for small stationary engines.

2.4.1 Fuels and Sulfur

An important difference between high-speed and low- or medium-speed engines
with respect to the exhaust system is the fuel.

Medium-speed engines can run with lower-quality fuels than high-speed
engines. Lower-grade distillates as well as residual fuels (HFO) are used. As
described in Table 2.1, for the SCR technology, important fuel characteristics are
the content of ash, sulfur and for residual fuels also vanadium.

Zeolite-type catalysts will deactivate very rapidly with high-sulfur fuels.
Vanadium-type catalysts are sulfur tolerant. To a certain degree, the SCR activity
is increased by the presence of sulfur-oxides as the catalyst surface will be acid-
ified. But two other mechanisms are limiting: Possible formation of ammonium
salts and oxidation of SO2 to SO3 [8].

The following equations describe the sum of possible reactions with ammonia
and SO3 leading to ammonium sulfate (Eq. 2.1) and ammonium hydrogen sulfate
(Eq. 2.2):

SO3 gð Þ þ 2NH3 gð Þ þ H2O gð Þ $ NH4ð Þ2SO4 sð Þ ð2:1Þ
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SO3 gð Þ þ NH3 gð Þ þ H2O gð Þ $ NH4HSO4 sð Þ ð2:2Þ

Ammonium hydrogen sulfate is highly hygroscopic and leads to sticky deposits
which will not only block the catalyst pores but also the channels. Ammonium
sulfate is not as dangerous as it builds a dry ash-like salt and will decompose
before melting [9]. Small quantities of pure ammonium sulfate can be handled by
soot blowers. Figure 2.13 shows the gas phase conditions at which ammonium
sulfate or ammonium hydrogen sulfate will form.

Due to capillary condensation, salts may form on the catalyst up to 350 �C [8].
For exact calculations, the local gas-phase concentration of SO3, NH3 and H2O
along the catalyst and the pore distribution of the catalyst are necessary [11]. The
dew-point of sulfuric acid calculated according to [12] is shown in Fig. 2.14.

While NH3 is consumed by the SCR-reaction over the length of the catalyst, the
SO3 concentration increases as the catalyst enhances the oxidation of SO2 to SO3

according to Eq. (2.3):

SO2 þ 1=2 O2 ! SO3 ð2:3Þ

The risk of salt formation depends on the local maximum of the product of NH3

* SO3 along the catalyst. Higher vanadium content of the catalyst increases the
SCR activity but also the SOx conversion. Therefore, the sulfur content of the fuel
limits the minimum dosing temperature as well as the low temperature SCR
activity. Figure 2.15 is an estimate of the minimum temperature before catalyst for
reductant dosing with regard to fuel sulfur content.

To control the catalyst bed temperature in high sulfur fuel applications, as
shown in Fig. 2.16 a bypass is often installed for the SCR catalyst as well as for the
boiler [14]. This keeps the catalyst at high temperatures even during low-load
operation or idling and avoids condensation of sulfuric acid in the catalyst during
start-up.

Table 2.1 Fuel characteristics with importance to SCR technology

Ash Catalyst pitch to be adapted:
Residual fuels: B35 cells / 150 mm (35 cpsi) ? installation of soot-blowers
On-highway quality: C300 cpsi (&100 cells / 150 mm)

Sulfur Minimum temperature for reductant dosing depends on SO3-concentration in the
exhaust gas (see Fig. 2.14)

Catalyst partly converts SO2 into SO3. Dew-point of exhaust and acidity of
condensate are changed

Low-sulfur fuel enables the use of oxidation catalysts and the use of zeolite-type
SCR-catalysts

Vanadium Vanadium from residual fuels is captured in the catalyst. Catalyst activity increases
with time also for undesired reactions: SO2 conversion, risk of ammonia salt
formation and NH3 oxidation increase
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2.4.2 SCR Technology for Marine Applications

First commercial ships were equipped with SCR technology in the early 1990s
(e.g. MS Aurora 1992 by ABB/HUG and RoRo Ferry Nils-Dacke of TT-Line in
1995 by Siemens [15, 16]).

Since then, the introduction of local emission regulations have led to the devel-
opment of SCR technology for ships of various sizes and with various engines [17, 18].

NOx-tax in Norway and emission-dependent fairway, as well as port dues in
Sweden [19] have led to numerous installations of exhaust cleaning systems on
commercial ocean going ships, especially in the Baltic Sea and North Sea. Thus,
NOx levels of ships with SCR installation are below the limits of IMO III and are
therefore realized far earlier than when this worldwide regulation will go in effect.

For low-speed and medium-speed engines the main technology is derived from
diesel engine power plant systems. Whereas in power plants the reducing agent
can also be ammonia-water, on bigger ships only urea-water solution is used for
safety reasons. In marine applications, special care has to be taken regarding the
vibration resistance of urea tubing. Pumping and dosing systems, as well as urea
supply tubes should use welding connections wherever possible to avoid urea
leakage. A second difference to land-based applications is the demand for clas-
sified systems. Classification societies, e.g. Germanischer Lloyd, have included
exhaust gas aftertreatment in their rules [20].

Figures 2.17 and 2.18 show a typical setup and details of a SCR exhaust gas
aftertreatment system for a HFO-fueled vessel. The SCR catalyst is placed before
the boiler as close to the engine as possible to allow high temperatures at the
catalyst for high NOx conversion and to avoid building of ammonium sulfates.

2.4.3 Low-Speed Engine Genset

The high efficiency of low-speed two stroke engines is coupled with low exhaust
temperatures. Big stationary or marine engines have temperatures downstream of

SCR

exhaust gas 
receiver

turbocharger

scavange air
receiver

turbine
by-pass

SCR 
bypass

Fig. 2.16 Typical
arrangement of pre-turbo
SCR for a two stroke engine
with an exhaust bypass
around the catalytic reactor
(Picture Johnson Matthey)
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the turbine all the way down to 150 �C, making catalytic exhaust gas aftertreat-
ment impossible. To apply SCR with such engines, the catalyst has to be placed
upstream of the turbo charger where temperatures are high enough for exhaust gas
aftertreatment. Figure 2.19 shows such an installation with a stationary two stroke
engine. The design of the catalyst housing has to regard the exhaust pressure of
several bar above ambient [14, 21]. A positive side effect is that this higher
pressure is increasing the catalytic reaction but it also enhances the undesired side
reactions. As low-speed engines normally run with bunker fuels containing higher
amounts of sulfur and vanadium, an important criterion for the catalyst layout is

k j

a

b

c

d

e f g

h
i

Fig. 2.17 Overview of an SCR installation on an ocean going ship with a heavy fuel engine. The
SCR is installed before the boiler to allow high temperatures at the catalyst for high NOx

conversion and to avoid building of ammonium sulfates. a Diesel engine, b SCR reactor, c boiler,
d silencer, e urea tank, f urea pump skid, g compressor (working air), h dosing unit, i two-phase
nozzle, j NOx-analyzer (optional), k PLC control cabinet (Pictures H+H Umwelt und
Industrietechnik)

Fig. 2.18 a Catalyst housing and b urea dosing panel for a medium-speed engine ship
application (Pictures H+H Umwelt und Industrietechnik)
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the allowed conversion of SO2 to SO3. Even with the SCR catalyst’s very low
initial vanadium concentration, vanadium from the fuel loads the catalyst and the
SOx conversion will rise over time until the catalyst has to be exchanged due to its
increasing activity. As for medium-speed engines, a bypass can control the catalyst
temperature. In contrast to low-load temperature control for SCR installations after
turbo, for pre-turbo installations the maximum catalyst temperature has to be
controlled as the SO2 oxidation significantly increases at higher temperatures.

2.5 Combined Systems

2.5.1 DPF 1 SCR

The combination of a DPF and a SCR aims at the reduction of NOx and PM
simultaneously. The combination of both technologies (SCR ? DPF) is already
used in modern Euro 6, JP09, and US EPA 2010 certified heavy-duty trucks and
has undergone comprehensive examination [22–27]. However, for the off-highway
application it cannot be considered a standard technology, yet.

An example of a prototype installation on a shunting locomotive, see Fig. 2.20
[22], is presented in this section. Because of the highly variable operating con-
ditions and frequent idling of a shunting locomotive, this example represents a
very critical and challenging application for an aftertreatment system.

2.5.1.1 Reactor Concept

As space is limited in a locomotive, especially if it is not designed for the inte-
gration of an aftertreatment system, the reactor has to be fitted in place of the
silencer. Hence, a very compact reactor, which is able to act as a silencer too, is
required. A further challenge arises for aftertreatment systems that are combined

Fig. 2.19 SCR pre-turbo in a
pressurized vessel installed at
a 50 MW two stroke engine
(Picture Johnson Matthey)
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with older engines. This poses some limitations on the backpressure in order to
prevent an excessive increase in fuel consumption. In the presented example,
130 mbar were set as the maximum backpressure for the total aftertreatment
system, which mainly determines the required DPF volume and the design of the
exhaust flow paths in the reactor.

Figure 2.21 shows the cross-section of the installed DPF ? SCR reactor. After
entering the inlet chamber, the exhaust flow is divided into a right and a left path.
First, the exhaust flows through a diesel oxidation catalyst (DOC) to convert some
NO to NO2, which is a prerequisite for a continuous soot oxidation within the
diesel particulate filter (DPF) and which additionally improves the SCR conver-
sion rate, (see Fig. 2.22) [22]. The DPF placed behind the DOC reduces particulate
matter (PM) with high efficiency. Downstream of the DPF, a special designed
mixing chamber gives the injected urea solution sufficient time for evaporation,
mixing and thermolysis before entering the SCR catalyst. Finally, an ammonia slip
catalyst is used to prevent any NH3 slip to the environment.

Due to the required low backpressure, rectangular DPF substrates are used to
optimize the exhaust flow cross-section. The utilization of rectangular substrates is
not common in mobile applications. Hence, no ‘‘mobile’’ canning technology is
available and the canning known from power plant systems (see Sect. 2.6) does
not meet the requirements. Therefore, a dedicated canning technology had to be
developed. Further details on this can be found in [22]. The integration of round
and rectangular substrates is a good example of how heavy-duty vehicle tech-
nology and industrial design are combined in aftertreatment systems for off-
highway applications.

a

Fig. 2.20 Shunting locomotive from Deutsche Bahn AG with a combined DPF ? SCR
installation (Picture MTU)
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2.5.1.2 Field Experience

In the ISO-F acceptance test the system revealed an overall NOx conversion
efficiency of more than 70 %. Based on the engine out emissions the NOx emis-
sions after the aftertreatment system stayed well below 3.5 g/kWh required by the
EU-IIIB legislation. At the same time NH3 emissions were kept at an absolute
minimum.
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Because the typical operating conditions in the field includes 70 % idling, the
aftertreatment system is exposed a significant amount of time to low temperatures.
Figure 2.23 displays a representative exhaust temperature distribution in front of
the exhaust gas aftertreatment system. It is revealed that the average inflowing
exhaust gas temperature typically is in the range of 250 �C, which seems quite
low, because for this system urea dosing is enabled only for temperatures higher
than 250 �C (many on-highway applications are using already 200 �C as thresh-
old). However, due to the high thermal mass of the DOC and the DPF, the tem-
perature before the SCR catalyst is significantly higher. The transient
measurements of NO-conversion and temperature of the SCR catalyst during
operation, displayed in Fig. 2.24, reveal an average SCR operating temperature
around 300 �C. The NOx conversion efficiency is typically in the range of 80 % or
higher, which confirms the efficiency of such a system even under transient con-
ditions. A prerequisite for this performance is also a precise control of the amount
of injected urea solution.

It has to be noted, that a combined aftertreatment system requires a high
engineering and integration effort and cannot directly be derived from available
on-highway technology.
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2.5.2 Combination of DeNoxation and DeSulfurization

For bunker fuels with high sulfur levels, a combined system would mean to
consolidate the NOx and SOx aftertreatment. For SOx reduction wet systems are
known from stationary coal and diesel power plants. Wet scrubbers are further
developed for exhaust gas aftertreatment on ships [28, 29]. With those systems the
SCR is normally installed upstream of the SOx. reduction system. Recently, also
systems where the desulfurization is done with a dry absorption process have been
successfully installed on ships [30]. Figure 2.25 shows a combined system for a
stationary engine. Beneficial for dry systems is the smaller heat loss compared to
wet systems. This enables the placement of the SCR downstream of the DeSOx

without the need of heating up the exhaust again. Without SO2 present in the
exhaust gas, the V-content as well as the cell density of the SCR-catalyst can be
increased. A SCR system installed downstream of a desulfurization will therefore
be smaller than it has to be for the engine out SO2 concentration. Additionally
problems with ammonium-salt formation will not occur and the overall NOx-
conversion can be higher due to a lower minimum allowed urea dosing temper-
ature. The downside of dry desulfurization is the much higher space requirement
needed for this installations compared to wet systems.

2.6 System Integration

2.6.1 Reductant Supply

One precondition for high NOx reduction with NH3-SCR-Systems is proper mixing
of the reducing agent with the exhaust gas, as well as a good thermolysis of urea.

Fig. 2.25 Combined exhaust
gas aftertreatment system for
a low-speed engine with
a SCR and b dry DeSOx

(DryEGCS) (Picture Couple
Systems GmbH)
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Spray systems and mixing devices build a closely coupled system which has to be
designed carefully.

2.6.1.1 Spray Systems

First for on-highway truck applications and later also for passenger cars, several
airless systems have been developed. Up to now, the maximum amount of
reducing agent per dosing system is around 10 to 20 L/h. Above this, industrial
spray systems are customized and available to deliver much larger quantities. Air
assisted nozzles or airless nozzles with good atomization (e.g. hollow cone noz-
zles) lead to droplet diameters below 100 lm and volumetric mean diameters
down to 20 lm. Spray systems derived from gasoline injection valves are char-
acterized by a rather coarse spray (see Fig. 2.26).

2.6.1.2 Mixing Concepts

In analogy to the flow uniformity which has first been defined in [32], a uniformity
index c is commonly used also to describe the ammonia distribution across the
exhaust pipe or the catalyst cross section. The concentration distribution is defined
according to Eq. (2.4):

c ¼ 1� 1
2A � �c �

Z

A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c� �cð Þ2

q
dA ð2:4Þ

with c and �c being the local and average NH3-concentration respectively, and
A being the cross-section of the relevant plane, e.g. the front face of the catalyst.
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For discrete measurement points with concentration ci representing an area Ai the
uniformity index is defined as

c ¼ 1� 1
2A � �c �

Xn

i¼1

Ai ci � �cj j ð2:5Þ

NOx reduction of more than 95 % with NH3 slip below 10 ppm needs a NH3-
distribution of c[ 95 %. Good mixing systems for passenger cars and trucks are
able to achieve c[ 99 %.

Functions included in mixing devices are shown in Table 2.2.
Several mixing technologies are commercially available. Depending on the

reductant injection, two general types of mixers can be defined: (a) Mixers for
secondary atomization combined with small scale turbulence for droplet breakup
and (b) swirl or vortex generators for large scale distribution [31, 33].

For droplets with diameters [[50 lm, a secondary atomization is necessary as
such large droplets would otherwise not evaporate properly and would lead to wall
wetting downstream of the injection point. Therefore, mixing concepts for coarse
spray primarily consist of small-scale turbulence generators and baffle plates for
droplet breakup and evaporation (see Fig. 2.27) and have to be installed down-
stream of the injection location [31]. Additionally large-scale turbulence genera-
tors may be integrated for mixing.

Table 2.2 Functionalities included in mixing devices

Measure Effect

Generation of small scale turbulence Enhancement of evaporation
Generation of large scale turbulence Mixing across entire pipe diameter
Droplet catching Avoiding wall wetting
Providing a hot surface Heat exchange for evaporation and urea decomposition
Providing surface by a baffle plate Secondary atomization of droplets

(a)

(b)
(d)

(c)

Fig. 2.27 Baffle plate mixing element for coarse urea spray with the main functionalities a spray
generation, b droplet catching and heat exchange, c secondary atomization, d large scale mixing
(Drawings based on [34])
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Droplets smaller than 50 lm easily follow the exhaust flow. As the evaporation
of small droplets is fast enough, secondary atomization is not necessary, i.e. mixers
for fine spray (and self-evident for gaseous reductant) can be installed directly
upstream of the injection location. Literature describes several geometric forms,
which can be classified into two general groups shown in Fig. 2.28: (a) turbulence
wings, mostly delta-wings [33, 35], or round plates installed into the exhaust pipe
generating a pair of counter-rotating vortices. (b) swirl generators, which induce
one single swirl over the entire exhaust pipe or mixing chamber.

Vortex mixers are well known from power plant systems where they are used
with grids of injection nozzles for gaseous ammonia or aqueous ammonia solu-
tions. The mixer is installed upstream of the injection point and the reducing agent
is sprayed into the vortex system. The nozzle itself can be placed directly behind
the mixer in a zone with low flow in order to have an optimum initial breakup of
the spray. Adapted to the exhaust flow of a diesel engine, vortex mixer can be
placed together with a single air assisted nozzle in the center of the exhaust pipe.
The vortices as a result of large scale turbulence, distribute the reducing agent
across the entire exhaust cross section.

In combination with airless on-highway dosing systems which produce a fine
spray, vortex mixers allow placement of the nozzle close to the wall of the exhaust
pipe from where the droplets are transported away from the wall into the exhaust
flow. Without mixer, the impulse of the fine droplets would not be enough to
penetrate into the center of the exhaust stream.

Instead of two or more vortices a single swirl is often used for applications
where the dosing system is placed at a front face of a catalytic reactor or at a 90�
bow of the exhaust pipe. The reductant is sprayed in the center of the swirl.

For both types care has to be taken that centrifugal forces are not too high to
avoid wall wetting downstream of a urea dosing system.

(a)

(b)

Fig. 2.28 Working principle
of a vortex mixer and b swirl
generator
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2.6.2 Canning Concepts

Depending on the exhaust mass flow, which first of all is related to the engine size,
two completely different technologies are applied for mounting the catalyst bricks
into the exhaust system. For exhaust flows higher than 10,000 to 20,000 Nm3/h,
the technology is derived from power plant applications. Square catalyst bricks are
grouped into metal frames. The catalysts are held in place by the geometric
structure of these metal frames. The frames are packed into the catalytic reactor
through a manhole and are supported by a metallic structure within the reactor (see
Fig. 2.29). To avoid mechanical damage of the catalyst bricks, a fiber mat is
packed between catalyst and metal frame. But in contrast to automotive canning
technologies, the mats do not have to hold in place the catalyst.

An advantage of this technology is the optimal usage of the available cross-
section and the possibility of exchanging the catalysts or reloading catalysts if a
spare layer is foreseen in the reactor. For large engines being built and commis-
sioned on site, catalysts are normally put in place just after the engine is running
properly, in order to avoid catalysts deterioration due to excess temperature or
other exceptional conditions during commissioning of the engine.

Because of the rectangular geometry, the holding forces between canning and
catalyst are low and systems with this power plant-like canning can withstand only
small g-forces. The technology is appropriate for stationary or quasi-stationary
applications like big ships.

For smaller engines and mobile applications, canning technologies known from
on-highway systems are preferred. Most of the time, the catalyst bricks are canned
into round metal cans. Stüttem [36] describes the principle technologies used for
automotive catalysts. Stuffing and shrinking are the typical processes. First, the
size of the catalyst substrates is measured and the support mats are weighed.
Second the necessary diameter of the metallic canning is then calculated to reach
the optimum pressure within the support mat. The target is to guarantee the

Fig. 2.29 a Canning of square catalyst bricks into metal frames and b loading of a catalytic
reactor (Pictures Johnson Matthey)
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necessary holding force over the lifetime without over-pressing either the mat or
the catalyst brick. In the final step with the stuffing process, the catalyst and the
support mat are pressed into a readily sized canning. With the alternative shrinking
process, the catalyst and mat are put into an oversized canning which than is
shrunk to the demanded size (see Fig. 2.30).

2.7 Control Strategies

Depending on the dynamic behavior of the engine exhaust as well as the size of the
SCR system and the necessary NOx-conversion, different control strategies are
used for correct urea dosing.

Systems for low- or medium-speed diesel engines used as gendrive or for
propulsion of ships with fixed propellers often work with look-up tables or a
characteristic curve as input for an open-loop reductant dosing control (Fig. 2.31).
As the engines only use a small band within the engine map (Fig. 2.32) the NOx-
emission and thus the reductant dosing rate has a fixed correlation to either engine
speed or load.

(b)

(a)

1

2

3

3

2

1

4

Fig. 2.30 Principle of the
canning technologies
a stuffing and b shrinking
with 1 catalyst, 2 support mat,
3 metal canning, 4 stuffing
cone
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For applications which demand a high NOx-reduction but which have slow
changes in exhaust temperature and massflow, a feed-back control based on NOx-
measurement downstream of the SCR is additionally used. Depending on the
volume of catalyst installed and on the operating temperature, the response time of
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the SCR-system may be too slow for a closed-loop control. In such applications
the NOx-signal may be used to adapt the lookup tables and to improve the feed-
forward control (see Fig. 2.31).

To allow high NOx-reduction and fast transient response within the entire
engine map, a model based control strategy as outlined in Fig. 2.34 has to be
applied [37]. A common way is to operate with the ammonia storage level on the
catalyst as reference value [38]. Provided that the system is tuned to negligible
NH3-slip the actual NH3-storage level on the catalyst surface can be calculated
from NOx-input, NOx-conversion and urea dosing. Depending on the transience of
a given application a certain safety margin is set between the physical storage
capacity of the catalyst and the target value. The reductant dosing rate is then
controlled to keep the NH3 filling level as high as possible for maximum NOx-
conversion efficiency. Only for high temperatures where the NH3 storage capacity
of the SCR catalyst is low, the demanded NOx-conversion can be directly used as
reference value for the reductant dosing (Fig. 2.33).

For truck-like systems with an electronic engine control providing a lot of
emission relevant data, e.g. the actual exhaust massflow, the control algorithm
from on-highway trucks can directly be applied also for off-highway applications.
In addition to the above mentioned feed-back signal, literature describes other
possibilities to include exhaust concentration sensors into the control algorithm
[39, 40]. Instead of calculating the NOx-input from engine data it can directly be
measured with a NOx-sensor upstream of the catalyst. A NH3-sensor for slip
control allows to reduce the safety margin between physical ammonia storage
storagecapacity and the actual storage level [41]. Detailed discussion on control
strategies can be found in Chap. 14 of this book.

2.8 Outlook

It is expected that despite of further engine optimizations, even stricter future
emission limits worldwide will lead to an increase in exhaust gas aftertreatment
applications for off-highway engines. SCR is currently considered as the main path
of technology for NOx aftertreatment in this market. However, development work
has still to be done to adapt this technology further to meet all off-highway
conditions and requirements. Especially in the mid-power range, where neither on-
highway nor power plant technologies meet the constraints of operating temper-
ature, as well as packaging and mechanical durability. Off-highway engines can
run up to 35 years, which is far beyond the typical operating life-time of on-
highway vehicles. Therefore, a specific challenge is the prevention of aging of the
catalyst technology. Due to the great variety of applications, modular and compact
packaging concepts are needed to adjust the aftertreatment system in regards to the
application-specific requirements in a cost effective way. These challenges have to
be addressed and solved, because it is expected that in the future many off-
highway diesel engines will be equipped with an SCR system.
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Part II
Catalysts



Chapter 3
Vanadia-Based Catalysts for Mobile SCR

Jonas Jansson

3.1 Introduction

NH3-based SCR has been used for stationary applications since the 1970s. SCR
systems were first installed in Japan for gas, coal, and oil-fired utility boilers.
These applications were equipped with SCR catalysts in order to reduce NOx in
response to the more stringent ambient NOx standard set by the Japanese
government in 1973 [1, 2]. These applications typically used stacks of vanadia/
titania-based SCR catalysts as honeycomb monoliths, tubes, or plates, using
ammonia as reductant [3]. The efficiency of these systems were quite high, in the
range of 90–95 % NOx conversion and relatively robust in maintaining NOx
conversion over time [3]. In the mid 1980s, SCR systems were introduced in
Europe on stationary applications.

In the 1990s, it was investigated whether the SCR technology used for reducing
NOx in stationary applications could be transferred to mobile applications, more
specifically to heavy-duty diesel engines used for truck applications [4]. Koebel
et al. [5] studied the reduction of NOx from a 117 kW diesel engine by means of
urea-SCR. They showed the potential of high NOx conversion and outlined the
challenges of transient control of urea dosing when running the engine in mobile
applications. Havenith et al. [6] used a 12 l, 315 kW heavy-duty diesel engine
complying with Euro2 emission standard. Different transient urea dosing strategies
were used and the authors showed that Euro4 NOx emission levels could be
achieved in FIGE (ETC) transient cycle. Fritz et al. [7] made an on-road dem-
onstration of a mobile SCR system based on an extruded vanadia SCR catalyst,
which was started to be developed in 1992. In engine test bench, the SCR system
was shown to meet Euro4 NOx emission levels. Two on-road demonstration
programs were run. The first started in 1995 and consisted of eight heavy-duty
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diesel vehicles. The second demonstration started in 1998 and consisted of 13
heavy-duty diesel vehicles. Similar studies were also done in the US [8].

The driver for introduction of SCR on mobile applications was the introduction
of Euro4 and Euro5 legislations, which called for a reduction in tail-pipe NOx. The
mobile applications would make use of an aqueous urea solution as reductant,
which needs to be carried in a separate tank on the vehicle. This would also mean a
need for a urea infrastructure [9]. Competing technologies were HC-SCR [10] and
lean NOx adsorbers [11], which could make use of diesel fuel as the reductant,
eliminating the need for a separate urea tank. However, the higher NOx conver-
sions and lower sensitivity to poisons for ammonia-SCR over vanadia catalysts
spoke in favor of urea-SCR. For the development of the SCR catalyst technology
for mobile applications, the choice of vanadia-SCR was natural due to the expe-
rience that existed for using this together with stationary diesel engines. Vanadia-
SCR for mobile applications was introduced on a large scale in Europe in 2005/
2006 with the introduction of the Euro4 legislation. Urea infrastructure was also
proven not to be such a large issue as first anticipated due to early consensus in the
market to go for the urea-SCR technology, allowing the distributors to adapt using
the existing fuel infrastructure.

3.2 Legislation

An overview of emission legislation for heavy-duty trucks in Europe is shown in
Fig. 3.1. Up to Euro3 legislation (introduction in 2000), it had been possible to
meet newer emission legislation with refined engine technology leading to less
NOx and PM (particulate mass) being produced in the combustion chamber.
However, starting with Euro4 (3.5 g/kWh NOx, 0.02 g/kWh PM steady state),
manufacturers were looking into using exhaust aftertreatment in combination with
engine technology in order to meet the emission legislation [4, 9].

With the state-of-the-art engine technology in the beginning of the 2000s, two
different strategies could be used for meeting Euro4 NOx and PM levels. One is to
tune the engine to low PM, so that the emission limit for PM was fulfilled. This
was done by using early injection timing and other engine means which lowered
the soot from the combustion so PM level was met. This leads to improved fuel
consumption of the engine, however, also to higher NOx emissions. The NOx
emissions are then reduced by means of SCR [4], see Fig. 3.2.

The other path would be to lower the engine-out NOx to the legislated value
with later injection timing and cooled EGR. This would lead to higher soot from
the combustion and higher fuel consumption. A DOC (diesel oxidation catalyst)
and/or a DPF (diesel particulate filter) are then used in order to reduce the par-
ticulates to the legislated value (Fig. 3.2).

The choice of system is not obvious. The SCR system has the advantage of a
simpler engine design leading to less complexity and lower engine product cost.
Since the SCR system does not require cooled EGR, higher engine power output
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could be achieved compared to an EGR solution, given a specific cooling capacity
in the vehicle. The cost of the vanadia SCR catalyst raw materials are also lower
compared to a DOC/DPF using expensive precious metals. In addition, the SCR
system has a better fuel consumption compared to the cooled EGR system.
However, the disadvantages of the SCR system are the added cost and complexity
of the urea dosing pump, additional storage tank for urea, and the need for the
driver to regularly refill urea. Some manufacturers went for EGR/DOC/DPF and
some with SCR for Euro4. However, with the introduction of Euro5, the after-
treatment technology converged more and more toward SCR, due to the increased
fuel penalty for reducing NOx with engine means.

3.3 Main SCR Reactions

If NH3 is used as a reductant, the main reactions between NOx and NH3 are:

4NO þ 4NH3 þ O2 ! 4N2 þ 6H2O ðR1Þ
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vehicles in Europe

Fuel consumption
increase

Fuel consumption
decrease

PM
(g/kWh)

0.04

0.06

0.02

0

0.08

0.10

1 2 3 4 5  6 7
NOx
(g/kWh)

Optimization of engine

EGR

SCR

DPF
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NOþ NO2 þ 2NH3 ! 2N2 þ 3H2O ðR2Þ

6NO2 þ 8NH3 ! 7N2 þ 12H2O ðR3Þ

Since the NOx emissions from the diesel engine consist of approximately 90 %
NO and only 5–10 % NO2, reaction (R1) will be the main reaction.

If aqueous urea solution is used as reductant, the urea droplets decompose to
ammonia in the hot exhaust gases. This proceeds through first evaporating water in
the urea droplets. After this, the urea decomposes thermally via the reaction (R4)
forming one molecule of NH3.

NH2�CO�NH2 ! HNCO gð Þ þ NH3 gð Þ ðR4Þ

After this, isocyanic acid, HNCO can undergo hydrolysis via reaction (R5)
giving another NH3 molecule.

HNCOþ H2O! NH3 gð Þ þ CO2 gð Þ ðR5Þ

3.4 Urea Injection

The reductant for the SCR reaction needs to be added in proportion to the NOx
coming from the engine. For the SCR reaction over a vanadia SCR catalyst, the
desired reductant is NH3. Carrying the reductant onto the vehicle could be done in
several ways. Installations with NH3(g) and NH3(aq) are not preferred due to the
hazards with dealing with such fluids in vehicles being on the road. NH3 could be
stored in a metal salt, for example, MgCl2 or SrCl2 [12]. NH3 is chemically bound
to the metal salt and is released by heating the salt. The salt can after having
released all NH3, be refilled by NH3 gas again [13]. The SCR reaction over
vanadia SCR catalysts could also use ammonium formate as reductant [14]. The
advantage with this reductant is its low freezing point. Using ammonia salts like
ammonium carbonate or ammonium carbamate has also been suggested [13]. The
most widely used carrier for the reductant is an aqueous solution of urea (NH2–
CO–NH2). The solution is 32.5 % urea in water with the generic name AdBlue.

3.5 Properties of Vanadia SCR Catalyst

Vanadia SCR catalysts contain V2O5 as the active component. V2O5 is typically
impregnated on an anatase TiO2 support together with WO3 to stabilize the van-
adia and increase thermal durability. Typical compositions are 1–3 % V2O5 and
*10 % WO3 on the TiO2 support [2, 15].

For mobile applications, the SCR catalyst material is either washcoated onto an
inert monolith substrate or the catalyst material is extruded or produced in a way
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that the monolith walls consist of active catalyst material throughout the complete
wall (see Fig. 3.3). The monolith is a structure with several small channels through
which the exhaust gas passes. The monolith is characterized by the cell density and
the substrate wall thickness. The cell density is the number of cells per unit area. In
the automotive industry, this is often measured in the unit of cells per square inch
(cpsi). The wall thickness is commonly measured in lm or milli-inch (mil), where
1 mil = 25.4 lm. The purpose of the monolith type of structure is to enhance the
contact area between the exhaust gas and the SCR coating while still maintaining a
moderate pressure drop over the system. In a washcoated SCR catalyst (Fig. 3.3
top), the monolith structure consist of an inert material. The inert monolith
material need to have enough mechanical strength and integrity to withstand the
forces and vibrations the SCR catalyst will be exposed to in the vehicle. Common
monolith materials are cordierite and steel. The active catalyst material is then
applied as a thin layer on the walls of the inert monolith substrate. In the fully
extruded SCR catalyst or full body SCR catalyst (Fig. 3.3 bottom), the whole
catalyst monolith consists of active material. The catalyst material thus not only
needs to maintain the SCR reaction but also have enough mechanical integrity.

The shape of the cross-section of the monolith channels may be of different
geometry for both coated and extruded SCR catalysts. A very common shape is the
square geometry as in Fig. 3.3, however, other forms like triangular are also
existing.

In addition to the above-mentioned designs, it is principally possible to apply
SCR catalyst coating on a DPF (diesel particulate filter) substrate as well, thus
combining NOx reducing and particulate trapping function in the same unit [16, 17].
However, since the SCR catalysts coated on DPF need to withstand the soot
regeneration of the filter, high thermal durability for the SCR catalyst is needed. This
means that zeolite SCR materials with high thermal stability are more suited for this
type of SCR design compared to vanadia SCR catalysts.

Vanadia SCR catalysts have typically a window of maximum NOx conversion
between ca 250 �C and ca 450–500 �C. An example is shown in Fig. 3.4 where
steady-state NOx conversion is measured on a heavy-duty engine at constant
engine speed. This result is well known both from testing on an engine [18] and in
synthetic gas testing [19]. At low temperatures, below the light-off temperature,
the reaction rate for the NO + NH3 reaction is low, leading to the low NOx
conversion seen below ca 250 �C. At temperatures above ca 450–500 �C, the
selectivity of the SCR reaction is lowered since NH3 is being oxidized by O2

instead of reacting with NO. This higher rate of oxidation of NH3 leads to the loss
in NOx conversion at high temperatures [20].

The activity window of vanadia-based SCR catalysts can be changed by
modifying the vanadia concentration. Increasing the vanadia concentration will
increase the low-temperature activity of the SCR catalyst. Increasing the V2O5

concentration from 0.78 to 1.4 % decreased the NO conversion light-off from ca
267 to ca 207 �C [2]. Similar result is obtained in [21]. However, the surface area
of the catalyst decreases with increasing V2O5 concentration. Increasing the V2O5

concentration from 0.78 to 1.4 % decreased the Specific Surface Area (SSA) from
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87 to 80 m2/g [2]. Further increase of V2O5 concentration to 3.56 % reduced the
SSA to 64 m2/g. High V2O5 concentration also promotes the anatase to rutile
phase transition, which will lead to lower thermal stability of the catalyst [2].
Vanadia concentrations above ca 3 % will also lead to loss in selectivity of the
catalyst and increased formation of N2O [15, 22, 23].

In order to improve catalyst performance, WO3 or MoO3 is added to the V2O5/
TiO2 system. Addition of 9 % WO3 increases the activity of the SCR catalyst [21]
leading to lower light-off temperature for the NO conversion by NH3 [2]. WO3

also improves thermal durability of the catalyst by stabilizing the TiO2 from phase
change from anatase to rutile [2, 24]. Forzatti et al. [2] noted that for TiO2 without
WO3, rutile formation was starting to be seen at 700 �C while for 9 % WO3/TiO2,
rutile formation was seen first at 900 �C.

3.6 Reaction Mechanism

The most acknowledged reaction mechanism for the NO + NH3 reaction (R1) over
the vanadia SCR catalyst is a dual-site Eley-Ridel mechanism proposed by
Inomata et al. [25] and Miyamoto et al. [20]. A simplified description of the
mechanism is shown in Fig. 3.5.

The active site consists of an acid site associated with V–OH adjacent to V5+ =
O. NH3 is first strongly adsorbed as NH4

+ to the V5+ = O–V–OH site (Fig. 3.5a).
Gas-phase NO then reacts with the adsorbed NH4

+ (Fig. 3.5b) to form the acti-
vated complex shown in (Fig. 3.5c). N2 and H2O split from the activated complex
and desorb, leaving two V–OH groups (Fig. 3.5d). One of the V–OH is oxidized
by gas-phase oxygen to form V5+ = O and water (Fig. 3.5e and f) thus closing the
catalytic cycle.

The Eley-Ridel mechanism shown in Fig. 3.5 describes well the reaction (R1)
at operating temperatures T[280 �C [26]. At lower temperatures, however (T\
250 �C), NH3 can inhibit the SCR-reaction [26, 27], an effect that cannot be
explained by the mechanism in Fig. 3.5. Nova et al. [26, 27] proposed that at low
temperatures the reaction proceed through a modified redox kinetics: NH3 can
adsorb to two types of sites, one redox site associated with vanadyl species and one
nonreducible strongly acidic site. The inhibition of the SCR reaction can occur by
NH3 blocking part of the active catalyst sites from the redox cycle.

For the NO + NH3 reaction (R1), the reaction rate could be approximated with

r ¼ k Tð Þ � cNO � hNH3 ð3:1Þ

That is, the reaction order is one with regard to NO [2, 25]. This is a good
assumption in many cases, however, as shown by Nova et al. [26] a more detailed
study of the reaction using transient step changes in NH3 with different O2 con-
centration and at different reaction temperatures, revealed a more complex reaction
rate expression:
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r ¼ k Tð Þ � cNO � hNH3

1þ KNH3

hNH3
1�hNH3

� �
1þ kO2

cNOhNH3

p1=4
O2

� � ð3:2Þ

However, this equation could approximately be reduced to Eq. (3.1) under
condition that O2 [1–2 %, T[280 �C. This is in line with the result of Inomata
et al. [25] who showed that the rate of reaction at 250 �C was independent of O2

concentration above 1 % O2.
For the reaction of NO + NO2 with NH3 (R2), Ciardelli et al. [28] proposed a

mechanism involving nitrate species as an intermediate. NO2 and NH3 first react to
form NH4NO3 and N2 in a fast reaction:

2NH3 þ 2NO2 ! NH4NO3 þ N2 þ H2O ðR6Þ

The nitrate species may then react with NO in a redox reaction to form NO2:

2NH4NO3 þ NO! 3NO2 þ 2NH3 þ H2O ðR7Þ

The NO2 formed in reaction (R7) may be reused in (R6) to form another N2.
The overall reaction, combining the steps in (R6) and (R7) will be the overall NO
+ NO2 reaction (R2).

The reaction scheme was further developed in [27, 29, 30] as broken down into
the following steps:

2NO2 ! N2O4 ðR8Þ
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N2O4 þ H2O! HONOþ HNO3 ðR9Þ

HONOþ NH3 ! NH4NO2 ! N2 þ 2H2O ðR10Þ

HNO3 þ NO! HONOþ NO2 ðR11Þ

HONO formed in (R11) can then react according to (R10) and form another N2.
In parallel, there is the equilibrium reaction

HNO3 þ NH3 $ NH4NO3 ðR12Þ

This reaction scheme also explained the low performance and low selectivity in
the NO2 + NH3 reaction (R3). In the absence of NO, reaction (R11) (or reaction
(R7) in the simple scheme) cannot take place. This will lead to accumulation of
HNO3 or NH4NO3 instead of forming N2. At high temperature the accumulated
NH4NO3 can also decompose to N2O according to

NH4NO3 ! N2Oþ 2H2O ðR13Þ

3.7 Function/Principle Design

The principle layout for a mobile vanadia SCR system meeting Euro4 or Euro5
emission legislation is shown in Fig. 3.6. The principal components are a unit
containing the SCR catalyst elements (5), a urea tank (8), a urea dosing module
(9), different sensors (10) (11) (12) (13), and hardware and software for controlling
the system (14) (15).

The exhaust from the diesel engine (1) is directed in an exhaust pipe (2) toward
the unit containing the SCR catalyst (5). The SCR catalyst monoliths (6) are
typically installed inside the silencer. The unit (5) has thus the function of both
containing the catalytic monolith elements (6) and reducing noise from the engine.
In order to maintain as high as possible the reaction temperature for the SCR
reaction, the distance between the engine exhaust outlet to the SCR catalyst inlet is
minimized. In case this is not possible to do due to packaging constraint in the
vehicle, the exhaust piping (2) could be isolated. The AdBlue (urea solution) is
stored in a urea tank (8) mounted on the vehicle. Tank sizes can be of different
sizes depending on the specific need of the driver, in the same way as diesel tanks
can be of different sizes. Normal urea tank sizes ranges between 50 L and 150 L.
The urea is entered into the exhaust stream by means of a urea dosing pump (9).
The pump is spraying the urea liquid in the form of small droplets into the exhaust
stream at the urea injection point in the exhaust pipe (3). The injected urea droplets
decompose to ammonia in the hot exhaust gases. Water is first evaporated from the
urea droplets and the solid urea is then decomposed to NH3 via the reactions (R4)
and (R5).
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The mixing of the urea droplets with the exhaust gas and the decomposition
through reactions (R4) and (R5) take place in the urea mixing zone (4) in Fig. 3.6.
This can be realized through a pipe between the urea injection point and the
catalyst inlet surface or by internal piping or tubes inside the silencer unit. In the
case where the mixing zone (4) is integrated in the SCR unit (5), the urea injection
point (3) would appear to be at the inlet of the SCR unit. It is important to design
the urea mixing zone (4) to have sufficient residence time or length from the urea
injection point to the SCR monolith entrance in order for the decomposition
reactions to take place. It is also important to verify that sufficient mixing between
the urea droplets and the exhaust gas is taking place. Typically, CFD-analysis
needs to be done in order to ensure that a homogenous mixture of NOx and NH3 is
entering the catalyst monoliths.

When entering the SCR catalysts, NOx and NH3 are reacting through the SCR
reactions (R1), (R2), and (R3). NOx from the diesel engine consist to ca 90 % of
NO. This means that for a vanadia SCR system layout according to Fig. 3.6, it will
be the NO-only reaction (R1) which is the most important.

In order to get the desired NOx conversion and avoid NH3 slip in the exhaust
gases leaving the system, an appropriate urea injection rate is needed. Figure 3.7
shows the effect on NOx conversion and NH3 slip as a function of ammonia-NOx
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Fig. 3.6 Principle layout of installation of an SCR system in a mobile application. (1) Engine
(2) Exhaust pipe carrying the exhaust from the engine (3) Urea injection point in exhaust pipe
(4) Urea mixing zone (5) Silencer containing the (6) SCR catalyst elements (7) Exhaust outlet
(8) AdBlue (urea) tank (9) Urea pump/injector (10) Sensors for measuring exhaust conditions
upstream the SCR catalyst (11) Sensors for measuring exhaust conditions downstream the SCR
catalyst (12) Sensors for measuring conditions inside the urea tank (13) Ambient sensors (14)
Engine model/Engine ECU (15) SCR model/SCR control unit
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ratio (ANR) in a steady-state engine point. ANR = 1 is defined as the theoretical
flow of urea solution (g/s) required for converting 100 % of the incoming NOx
flow (g/s). For reactions according to (R1) and a urea concentration of 32.5 %:

ANR � urea flow g=sð Þ= 2� NOxflow g=sð Þð Þ

As can be seen in Fig. 3.7, at low ANR, the NH3 slip is close to zero and NOx
conversion is close to proportional to ANR. At higher ANR (closer to 1), NH3 slip
is increasing rapidly as the NOx conversion approaches 100 %. Since NH3 slip in
the exhaust outlet needs to be minimized, this puts a limit to what NOx conversion
can be achieved. By adding an ammonia slip catalyst (ASC) after the SCR catalyst,
the NH3 slip can be lowered allowing for extra margin in the control [18].

Figure 3.7 shows a steady-state case. In real-world transient operation, the NOx
flow varies continuously. This means that good control of the urea injection rate is
needed in order to achieve high NOx conversions while avoiding NH3 slip. The
urea injection rate is calculated by a control software, depicted as (15) in Fig. 3.6.
The software/SCR model can make use of different sensors. Sensors (10) to
determine the state of the exhaust gases to be treated (e.g., NOx flow and tem-
perature), sensors (11) to quantify the outlet gas conditions, sensors (12) to
determine the state and quality of the reductant (urea) and sensors (13) for
determining ambient conditions. The sensors may be physical sensors or virtual
sensors. Virtual sensors are models that calculate the sensor value based on a
theoretical or empirical model, thus eliminating the need for a physical compo-
nent. An example of result from a transient control taken from the ETC cycle on a
Euro4 engine is shown in Fig. 3.8.

Control of the SCR system could be either open-loop or closed-loop [31, 32].
Basic open-loop control will be robust and not have any stability problems [32];
however, it will be difficult to achieve very high NOx conversions. Song and Zhu
[32] estimated that maximum ca 75 % NOx conversion would be possible with
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open-loop control while ca 90 % could be achieved with closed-loop control. van
Helden et al. [31] estimated maximum 70–80 % ANR for open-loop control while
85–95 % NOx conversion was estimated for close-loop control.

An example of how to construct a control strategy for an SCR system meeting
Euro4 emission level is described by Schär et al. [33]. With a combination of feed-
forward and feedback control, they obtained 82 % NOx conversion in ETC while
maintaining average NH3 slip below 10 ppm.

3.8 Dimensioning of SCR System

Figure 3.9 shows the NOx conversion measured at constant engine speed for a
vanadia SCR system tested on a heavy-duty diesel engine. Three different SCR
catalyst volumes were used giving maximum system space velocities of 55,000,
80,000, and 140,000 h-1, respectively. Maximum space velocity is defined as the
space velocity in the engine operating point with highest exhaust mass flow. It can
be seen in Fig. 3.9 that increasing the space velocity will decrease the possible
NOx conversion for the system. This is well known and due to the fact that a high
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space velocity means that the residence time in the SCR catalyst is shorter. Similar
result was presented for example by Blakeman et al. [18]. They tested three
different maximum space velocities, 35,000, 46,000, and 70,000 h-1, and showed
gradually lower NOx conversion for the increased space velocities.

Figure 3.10 shows NOx conversion in several engine operating points covering
a large range of exhaust mass flows and with three different SCR catalyst volumes
for a vanadia SCR catalyst. The data are thus covering space velocities ranging
from ca 18,000 up to 140,000 h-1. NOx conversion in each point is plotted against
space velocity. Engine points with temperatures below 300 �C are removed from
the plot, since in they are in the light-off region of the catalyst.

A clear dependence of NOx conversion on space velocity is seen in Fig. 3.10.
For the lowest space velocities (\30,000 h–1) and exhaust temperatures[300 �C,
NOx conversions [90 % were achievable while at the highest space velocity
(140,000 h–1) merely 40 % NOx conversion was obtained. When designing the
appropriate SCR catalyst volume for an engine the required NOx conversion will
limit the maximum space velocity that can be allowed. Taking the data in
Fig. 3.10, if a NOx conversion of 80 % is required, the maximum space velocity
needs to be around 50,000–60,000 h-1 for this specific system.

Although the data in Fig. 3.10 indicate that the space velocity should be as low
as possible in order to maximize NOx conversion, in practical application this may
not be feasible. A very low maximum space velocity will mean a large SCR
catalyst volume, which will add weight to the truck and the SCR catalyst will
occupy a larger space on the truck, meaning that the available space on the truck
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will decrease. Since it is desired to minimize both packaging space and weight
from the SCR muffler, careful choice of the trade-off between NOx conversion and
space velocity is needed.

Examples of space velocities used for heavy-duty diesel applications with
vanadia SCR catalysts are in the range 20,000–70,000 h-1 [6, 18, 34, 35].
Havenith et al. [6] used 51 dm3 of washcoated vanadia/alumina SCR catalyst
volume, corresponding to a space velocity of 28,000 h-1 for a 12 l heavy-duty
engine. van Helden et al. [35] used 34 dm3 of washcoated vanadia SCR catalyst
volume (space velocity 45,000 h-1) for a 12.0 and a 12.6 l heavy-duty engine.
Hofmann et al. [36] used the same SCR catalyst volume (34 dm3), but with a fully
extruded vanadia SCR catalyst for a 12 l heavy-duty diesel engine.

In the light-off region of the catalyst (ca 200–300 �C, see also Fig. 3.11) the
performance of the system will depend on the activity of the SCR catalyst (light-
off temperature). As discussed above, the activity window of the vanadia SCR
catalyst could be tuned by the catalyst composition, mainly the vanadia concen-
tration. Increasing the low-temperature activity could allow to make a smaller SCR
catalyst while still having the same NOx conversion. The low-temperature per-
formance of a washcoated SCR catalyst could also of course be modified by
changing the washcoat loading (changing the number of catalytic sites). Tao et al.
[37] showed that the SCR catalyst activity at low temperature was increased with
increasing washcoat loading. Increasing the washcoat loading from 180 g/L to
240 g/L decreased the temperature for 70 % NOx conversion from 275 to 250 �C.
A further increase of the washcoat loading to 540 g/L decreased the temperature
for 70 % NOx conversion to approximately 220 �C. However, increasing the
washcoat loading will increase the washcoat thickness, leading to higher back-
pressure as discussed below.
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In the pore diffusion limited region of the catalyst (see Fig. 3.11), the pore
structure of the washcoat or extruded substrate will be important. Especially for
high washcoat loadings with large washcoat thickness, the diffusion of reactants
into the washcoat will limit the access to the active sites. Large pores will allow for
a higher diffusion rate into the washcoat but will reduce the specific surface area of
the catalyst. Smaller pores will increase the specific surface area but limit the
diffusion rate. For a typical vanadia/titania SCR catalyst a compromise is found at
a specific surface area of approximately 75 m2/g and pore sizes of the order of
10 nm [38]. The rate of diffusion could also be improved by introducing
macropores into the washcoat, allowing for faster diffusion of reactants while
maintaining the specific surface area provided by the micropores.

In the film transfer limited region (see Fig. 3.11), the performance of the SCR
system can be increased by increasing the area for gas–solid mass transfer by
increasing the geometrical surface area (GSA) of the catalyst. As discussed above,
SCR catalysts for mobile applications are in the form of monolith units (see
Fig. 3.3). Increasing the geometrical surface area can be done by increasing the
cell density. Figure 3.12a shows the relation between GSA and cell density. When
increasing the cell density, the rate of mass transfer is increased due to the higher
contact area (GSA) between the gas-phase and the monolith walls, and this will
increase the NOx conversion in the film transfer limited region. This is well known
and has for example been demonstrated in [39]. However, as can be seen in
Fig. 3.12b, increasing the number of cells per unit area (increasing the cell density)
will also increase the pressure loss over the system. This is not a wanted situation
since higher pressure loss over the system means higher fuel consumption for the
engine. As can be seen in Fig. 3.12, the pressure loss is increasing more rapidly as
the cell density is increased compared to the increase in geometrical surface area.
This means that there is an optimum cell density where the increase in GSA if the
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cell density was further increased is not motivated by the more rapidly increasing
pressure loss. One way to partly resolve this is to reduce the thickness of the
monolith walls, thus increasing the open frontal area and reducing the pressure
loss.

Common cell densities used for heavy-duty diesel applications with vanadia
SCR catalysts are 300 cpsi [19, 36] and 400 cpsi [6, 18, 35, 37, 40]. For these cell
densities, the wall thicknesses for cordierite substrates range typically from 4 mil
(100 lm) to 8 mil (200 lm) [18, 19, 37, 41]. In Fig. 3.12, with wall thickness is
here considered the total wall thickness resulting from the substrate including the
catalyst washcoat. The washcoat thickness for a coated vanadia SCR catalyst
depends on the washcoat loading and could range from 20 to 100 lm [37]. For a
washcoated SCR catalyst, the wall thickness could of course be reduced either by
decreasing the inert substrate wall thickness or reduce the washcoat thickness as
long as this does not effect the catalyst performance.
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3.9 Effect of NO2

As mentioned above, the NOx from the diesel engine exhaust consists to ca 90 %
of NO, which means that the reaction will proceed to the largest extent via the NO
+ NH3 reaction (R1). However, reaction with equimolar NO + NO2, reaction (R2),
has a higher reaction rate compared to reaction (R1) [42]. This means that if a part
of the NO in the engine exhaust could be converted to NO2, the rate of the SCR
reaction would increase. A way of doing this is to add an oxidation catalyst that
oxidizes NO to NO2 upstream the SCR catalyst. The layout of this is shown in
Fig. 3.13.

The effect of adding an upstream oxidation catalyst to the SCR system is
demonstrated in Fig. 3.14. By oxidizing part of the NO to NO2, the light-off for the
SCR reaction could be shifted from ca 250 to ca 225 �C. The low-temperature
activity of the SCR system is thus improved by adding the oxidation catalyst
upstream. Since the optimum NO2/NOx ratio is 50 % for reaction (R2) even further
improvement of the low-temperature performance of the system could be done by
increasing the NO2 make over the oxidation catalyst (for example by increasing
the PGM loading). However, the peak NO2/NOx ratio will then exceed 50 % and
the reaction will partly proceed via the NO2 + NH3 reaction (R3). Since this
reaction is slower compared to (R2) the NOx conversion will decrease for the
points where NO2/NOx exceeds 50 % compared to points with lower NO2/NOx
ratios. This was clearly shown by Walker et al. [43] where the use of an oxidation
catalyst creating optimal NO2/NOx ratio improved the NOx conversion at all
temperatures, while an oxidation catalyst forming higher NO2/NOx indeed further
improved the low-temperature SCR performance, but at the temperatures where
NO2 formation was exceeding 50 %, the NOx conversion was drastically
decreased and showed even lower NOx conversion compared to a system without
any oxidation catalyst.

Disadvantages of adding an upstream oxidation catalyst is of course the added
cost and complexity for this component and the increased sensitivity for fuel sulfur
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Fig. 3.13 Principal layout of
(a) SCR system without
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for a PGM-containing system compared to an SCR-only system. Fuel sulfur will
both deactivate the PGM sites on the DOC, but the DOC will also oxidize SO2 to
SO3, which will lead to risk of sulfur deactivation of the SCR catalyst due to
ammonium sulfate formation.

It should be mentioned that a similar reasoning as for the oxidation catalyst
above applies also if a diesel particulate filter (DPF) is incorporated to the system.
The DPF is then normally mounted as in Fig. 3.15. It must then be assured that the
NO2/NOx ratio downstream the DPF stays at an optimum level and not exceeds
50 % leading to loss in NOx conversion.

Adding a DPF also requires careful consideration of the particulate regeneration
of the DPF. Since NO2/NOx needs to be limited to less than 50 % in order not to
affect the NOx conversion over the vanadia SCR catalyst, the passive NO2

oxidation of soot in the particulate filter will be constrained, leading to risk of
accumulation of soot in the DPF. A DPF could be regenerated actively from soot
by means of hydrocarbon injection before the DOC with a 7th injector or
in-cylinder late post injection. This will, however, create high temperatures in the
DPF (approximately in the range of 600 �C) which will accelerate the thermal
aging of the vanadia SCR. There is also a risk that accumulation of soot in the DPF
could result in spontaneous start of soot oxidation leading to catastrophic thermal
failure of the downstream vanadia SCR catalyst. Also in the case of only a DOC
upstream the SCR catalyst, the risk of thermal deactivation due to oxidation of
hydrocarbons over the DOC needs to be considered.
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3.10 Aging of Vanadia SCR Catalysts

3.10.1 Thermal Aging

Exposure of vanadia SCR catalysts to elevated temperatures will lead to thermal
deactivation of the catalyst and gradual loss in NOx conversion. Cavataio et al.
[44] showed that after exposing a vanadia-based SCR catalyst to 64 h hydro-
thermal aging at 670 �C the activity was to a large degree lost. The maximum NOx
conversion after this treatment was only about 20 %, while for Fe and
Cu-exchanged zeolite SCR catalysts, maximum NOx conversions [90 % were
found after the same hydrothermal treatment. In Fig. 3.16, the effect on NOx
conversion in the ESC cycle after thermal aging at different exhaust temperatures
is shown. The data was obtained on a Euro4 heavy-duty engine equipped with a
vanadia SCR catalyst. A gradual decrease in NOx conversion performance is seen
with increasing aging temperature, with a steeper drop in performance when the
aging temperature exceeded about 600 �C. After prolonged exposure at temper-
atures around 600 �C further gradual decrease of NOx conversion was seen (see
Fig. 3.20).

Similar result was obtained by Maunula et al. [45]. They found a significant
drop in NOx conversion after 8–20 h hydrothermal aging of a V2O5/TiO2–WO3

catalyst between 650–700 �C both when testing in synthetic gas and on an engine.
The loss in catalytic activity after thermal exposure has been related to loss in

surface area of the TiO2. V2O5 promotes the sintering of anatase TiO2 and at
higher temperatures catalyzes the phase transition of the high surface area anatase
to low surface area rutile [2, 46]. Nova et al. [47] found that the BET surface area
of a V2O5/WO3/TiO2 catalyst was gradually decreased upon increasing calcination
temperature. Already upon calcining for 2 h at 550 �C, a small loss in BET area
was seen (from 63 to 54 m2/g). At higher calcination temperatures, severe loss in
surface are was seen (37 m2/g at 700 �C and 17 m2/g at 800 �C). At 850 �C, phase
change from anatase to rutile was seen with further loss in surface area. The low-
temperature activity for NOx reduction was improved after calcining for 2 h at
800 �C while a loss in selectivity to N2 at temperatures above ca 380 �C was seen.
The result was that the activity window for the SCR reaction was reduced after the
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thermal treatment. The result was interpreted as an aggregation of isolated vana-
dium ions due to the sintering of the TiO2 support.

More recently, the stability of vanadia SCR catalysts has been improved. Girard
et al. [19] showed that a previous generation vanadia SCR catalyst lost a signifi-
cant part of NOx conversion after hydrothermal treatment for 75 h at 550 �C (only
maximum 60 % NOx conversion was achieved at 80,000 h-1 space velocity),
while two more recent formulations had significantly better activity after the same
treatment (max 90 % NOx conversion and better selectivity at high temperatures).
One of the newer vanadia SCR formulations also withstood hydrothermal aging
for 50 h at 600 �C without significant loss in performance.

The loss in NOx conversion for vanadia catalysts after high temperature
exposure has raised concerns of vanadia volatilization from SCR catalysts.
Chapman [48] showed a small loss of vanadia from a V2O5/TiO2–WO3 sample
after hydrothermal treatment for 1 h at 750 �C. Similar results were found by Liu
et al. [49]. Girard et al. [19] found a possible loss of vanadia after hydrothermal
treatment for 75 h at 550 �C for an older vanadia SCR catalyst technology,
although they questioned the significance of the measurement compared to catalyst
variation. However, for a more stable vanadia SCR catalyst technology, no loss of
vanadia was found. Maunula et al. [45] found no loss of vanadia even after
exposure to 1,000 �C.
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Fig. 3.16 Effect of thermal aging on NOx conversion over a vanadia SCR catalyst for a Euro4
heavy-duty engine
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3.10.2 Impact of Sulfur

V2O5/TiO2-based SCR catalysts are generally relatively robust against sulfur
poisoning. Several studies have been made with sulfur on vanadia-based SCR
catalysts. Walker et al. [50] aged a coated vanadia SCR system on a 12 l engine
running at 240 �C for 50 h with 350 ppm sulfur in the fuel. They saw no deac-
tivation when testing the NOx conversion performance of the SCR catalyst in the
ESC legislative cycle. Ura et al. [51] exposed an extruded vanadia catalyst to
600 ppm SO2 at 200 �C for 29 h. The activity was then measured in synthetic gas
rig. There was very little impact of this treatment when comparing NOx conver-
sion before and after this treatment, showing that the NOx conversion was very
little impacted by this sulfur treatment. The high robustness for the V2O5/TiO2

system to sulfur has been attributed to the fact that the TiO2 support is very weakly
and reversibly sulfated [24].

However, at low-temperature conditions, vanadia SCR catalysts will be deac-
tivated when running on high sulfur fuel due to blocking by sulfate species. This
can be seen when operating an engine at exhaust temperatures below ca 300 �C.
Figure 3.17 shows the decrease in NOx conversion when operating a heavy-duty
diesel engine in a low-temperature cycle using fuel with 350 ppm sulfur. The
maximum exhaust temperature was 280 �C in this cycle. The NOx conversion
decreases from 66 % initially to only 14 % after 45 h of engine operation. This
loss in conversion is due to condensation of ammonium sulfate leading to blocking
of the SCR catalyst [2, 15, 52–54]. The formation of ammonium sulfate occurs at
exhaust temperatures below 250–320 �C depending on NH3 and SO2 concentra-
tion [2, 15, 52]. When operating at higher concentrations of sulfur in the fuel, the
rate of deactivation will be higher. This is seen in Fig. 3.18 where a more rapid
decline in NOx conversion is seen when running with 1,620 ppm sulfur in the fuel
compared to 350 ppm in Fig. 3.17.

The formation of ammonium sulfate is a reversible process and at temperatures
above ca 350 �C decomposition will occur. This is seen in Fig. 3.17, where after
operating at 350 �C for 60 min, the activity was regained almost to the initial value
and after 40 min at 400 �C full recovery to the initial activity was seen.

Similar results have been reported by Blakeman et al. [18]. They exposed a
coated vanadia SCR catalyst to low-temperature engine operation (260 �C exhaust
temperature) for 40 h with 3,600 ppm sulfur in the fuel. A large loss in NOx
conversion was seen for temperatures below 375 �C. However, above 375 �C,
high NOx conversion was achieved. When repeating performance testing after
exposing the catalyst to temperatures above 375 �C, almost full recovery of the
initial performance before the sulfur poisoning was seen. The authors found that
the reason for the deactivation was sulfates and heavy hydrocarbons physically
blocking the catalyst surface. When regenerating the catalyst at 375 �C, desorption
of large amounts of sulfate and heavy VOF was seen [18]. The peak temperature
for the desorption was 350 �C which corresponded well to the temperature for start
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Fig. 3.17 Decrease in NOx conversion as a function of time when operating a heavy-duty diesel
engine with 350 ppm sulfur in the fuel (solid line) in a low-temperature cycle. Regain in NOx
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of recovery of the NOx conversion. This also correlates well with the result in
Fig. 3.17.

The implications of these results are that for engines/vehicles operating at high
exhaust temperatures (above ca 350–375 �C) or where the exhaust temperature
exceeds 350–375 �C frequently enough to desorb sulfates having been formed in
low-temperature operation, very low effect of sulfur poisoning will be seen for
vanadia SCR catalysts. However, when operating engines/vehicles with no or very
little time above ca 300 �C exhaust temperature, deactivation of the vanadia SCR
catalyst will be seen due to sulfate formation. The rate of this deactivation will be
faster the higher the sulfur content in the fuel is.

A related problem when it comes to fuel with high sulfur content, which is not
directly connected to the NOx conversion, is the high particulate mass that is
formed when operating an engine with high sulfur content in the fuel. Chen et al.
[55] showed that with 350 ppm sulfur in the fuel, the sulfate contribution to the
particulate mass will be half of the Euro4 legislative value. Blakeman et al. [18]
showed that the particulate mass being desorbed after operating at low exhaust
temperatures are more than an order of magnitude higher than the Euro4 legis-
lative value.

3.10.3 Alkali Metals and Alkaline Earth Metals

Alkali metals are known poisons for vanadia SCR catalysts. Cavataio et al. [56]
found very severe impact of potassium exposure. The NOx conversion activity was
completely or almost completely lost after a 1 wt% exposure of K to both a
washcoated and an extruded vanadia catalyst. Similar result was found by Kröcher
et al. [57]. Exposure to 0.40 mol% potassium caused a very strong loss of activity
to less than 10 % of the initial value and significant deactivation was seen already
at 0.11 mol%K. The deactivation was suggested to be due to formation of
potassium vanadates. A strong impact of Ca exposure was also observed, however,
less compared to K exposure. The activity dropped to only 40 % of its original
value when exposed to Ca. However, if SO2 was present together with Ca, the loss
in conversion from Ca was less severe due to formation of CaSO4 [57]. Mg
resulted in significant loss of NOx conversion but less compared to Ca and K
exposure. Exposure to K and Ca also resulted in loss of NH3 adsorption capacity
for vanadia SCR catalysts [57, 58]. Larger loss was seen for K exposure compared
to Ca exposure, in line with the catalytic activity results. Nicosia et al. [58] used
DRIFT spectroscopy and XPS to study the K and Ca poisoning of V2O5/WO3–
TiO2. They concluded that K and Ca inhibited Brönsted acid sites and V5+ = O
sites and used a hole site deactivation model where one K or Ca atom could
deactivate four neighboring vanadia centers.

Chen et al. [53] studied the poisoning effect of several alkali metals on V2O5/
TiO2 and found a strong deactivating effect on the NO reduction reaction for all of
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the elements Cs, Rb, K, Na, and Li. The strength of the poisoning was found to
follow the order of basicity with Cs having the largest poisoning effect:

Cs [ Rb [ K [ Na [ Li

The effect of the alkaline earth metal Ca was also measured and was found to
have a weaker poisoning effect than all the alkali metals. This is in line with Ca
being less basic compared to Li [53]. However, since Ca still gives a significant
impact on the NOx conversion [53, 57] one can conclude that all alkali metals will
have a strong negative impact on the NOx conversion over V2O5 catalysts. Putting
the results from [53, 57] together, the following order for the poisoning effect of
alkali and alkaline earth metals can be summarized:

Cs [ Rb [ K [ Na [ Li [ Ca [ Mg

A simplified mechanism for the deactivation of V2O5 catalyst by alkali metal is
shown in Fig. 3.19. The alkali metal ion (Na+ in Fig. 3.19) reacts with the acid
V–OH site and forms V–O–Na [59]. This blocks both the NH3 adsorption and the
V5+ = O–V–OH site from the SCR catalytic cycle. This model is in line with
the larger poisoning effect by metals with higher basicity.

3.10.4 Oil Poisons

Engine lubricant oil contains compounds that may enter the SCR catalyst and
potentially deactivate the NOx conversion function. Typical compounds, which
could be present in engine lubricant oil due to oil additives are Zn, S, P, Ca, Mg, B,
and Mo. Table 3.1 shows some typical values for these compounds. The effects of
S, Ca and Mg were discussed above. The effect of Zn, P, B and Mo was studied in
[57]. B was found to cause no deactivation of the SCR activity and Mo had only a
minor impact. P had a moderate impact, decreasing the NOx conversion by 3–4 %
at high temperatures and 10 % at 300 �C. Zn reduced the NOx conversion to
80–90 % of the original value at high temperatures. All of the elements Zn, P, B

– V – O – V –

O O

H

Na+

– V – O – V –

O O

Na

(or other alkali metal)(a) (b)Fig. 3.19 Simplified model
for deactivation of V2O5

catalyst by Na
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and Mo had less or much less impact on the SCR catalytic activity compared to the
effect of alkali or alkaline earth metals.

In Fig. 3.20 is presented the result from a heavy-duty diesel engine where the
effect of oil aging was studied. First, a vanadium SCR catalyst was aged in a high
temperature cycle with exhaust temperatures [500 �C for 90 % of the time and
60 % of the time between 580–610 �C. As expected from this high temperature
aging a gradual loss in NOx conversion is seen as a function of aging time (solid
lines in Fig. 3.20). After this, a second SCR catalyst was exposed to the same
aging cycle, but with the difference that 1 % engine lubricant oil was added to the
diesel fuel. Again, thermal deactivation was seen for the SCR catalyst. However,
very little difference in the rate of deactivation was seen compared to the first run
without oil addition. Under these conditions, the potential poisoning from oil
components are much less important compared to the thermal aging.

Table 3.1 Some typical concentration of elements in lubricant oil. nd = not determined

CJ-4 [60] Multigrade 15W40 [61] DH-1/CF-4 [62] ACEA E3 [63]

Zn (ppm) 1,226 1,494 1,000 1,355
S (ppm) 3,200 nd 6,700 6,688
P (ppm) 985 1,201 890 1,227
Ca (ppm) 1,388 2,644 3,900 3,439
Mg (ppm) 355 310 nd 6
B (ppm) 586 nd nd nd
Mo (ppm) 77 nd nd nd
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Fig. 3.20 Aging of a vanadia SCR catalyst thermally (solid lines) and thermally with the
addition of lubricant oil (dotted lines)
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The effect of oil poisoning at moderate exhaust temperatures can be seen in
Fig. 3.21. In this study, a vanadia SCR catalyst was run 300 h on a heavy-duty
diesel engine in a low load cycle. The exhaust temperature remained below 300 �C
for the majority of the aging time, with only 3 % of the aging time at T[300 �C
and maximum temperature of 395 �C. During the aging, the oil consumption was
accelerated so that during the 300 h, an equivalent amount of oil was consumed
corresponding to a mileage of 500,000 km. The NOx conversion before and after
the aging was measured in the steady-state engine operating points denoted in
Fig. 3.21.

It can be seen in Fig. 3.21 that there is no significant change in NOx conversion
after the 300 h aging. The NOx conversion has only decreased moderately or not
at all in spite of the fact that it has been exposed to oil corresponding to a mileage
of 500,000 km. The vanadia SCR catalyst thus seems quite stable to the exposure
of this amount of oil poisons. These results are in line with Walker et al. [50] who
found moderate impact after exposing a coated vanadia catalyst to oil exposure
corresponding to 1,230,000 km. Similar results were found by Bardasz et al. [63]
who saw no measurable activity loss after 200 h on an engine with increased oil
consumption.

3.10.5 Hydrocarbons

The effect of hydrocarbon poisoning on vanadia-based SCR catalysts is less pro-
nounced compared to zeolite-based SCR catalysts [19]. Girard et al. [19] exposed
three different vanadia SCR catalysts to 700 ppm C3H6 during the NO + NH3

reaction at 300 �C. Only moderate effect was seen with about 5 % loss in NOx
conversion. The performance for one of the vanadia catalysts tested was almost not
affected at all. The experiment was repeated at 200 �C with similar result. This
was in contrast to an Fe-zeolite and a Cu-zeolite catalyst where significant impact
was seen after exposure to 700 ppm C3H6. Schmieg and Lee [64] found a similar
result. They measured NOx conversion after exposure to n-octane or a propene/
propane mixture for 1 hour. Exposures were made at 300 ppm C1 and 900 ppm C1.
Exposure at 225 �C of both hydrocarbons had a very small impact on the vanadia
SCR catalysts, and exposure at 450 �C had moderate impact (NOx conversion
dropping from ca 90 % to ca 85 % at 300 ppm C1 and dropping to ca 75 % at
990 ppm C1). The initial activity was recovered upon removal of the hydrocarbons
at 450 �C. This indicates that the hydrocarbon poisoning was reversible.

Gieshoff et al. [46] reported that the low-temperature performance of a vanadia
SCR catalyst was decreased by adding 10 ppm and 30 ppm n-decane to the inlet
gas. The light-off temperature was shifted from ca 250 �C without hydrocarbon to
ca 300 �C when 30 ppm n-decane was added. However, above 350–400 �C, no
decrease in NOx conversion was seen in the presence of hydrocarbon compared to
without.
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3.10.6 Arsenic and Lead

Arsenic is a poison for vanadia SCR catalysts known from stationary power plants
where it is present as As2O3 in gas-phase or in fly ashes [65]. As2O3 is captured
irreversibly to the V2O5 surface causing deactivation of the catalyst [59]. How-
ever, since As is not a common compound in diesel exhaust, this type of poisoning
is not seen in mobile SCR applications.

Lead (Pb) is a relatively strong poison for vanadia SCR catalysts [53]. How-
ever, since Pb is also not a common compound in diesel exhaust, this type of
poisoning is not seen in mobile SCR applications.

3.10.7 Biofuel

Biodiesel (FAME) is a renewable fuel that is made by transesterification of
vegetable oils or animal fat with methanol. Several different types of oils could be
used, the most common are soybean oil, rapeseed oil, and palm oil [66]. The most
widely used transesterification process for commercial biodiesel is alkali-catalyzed
[67]. This process typically uses NaOH or KOH as a catalyst. Although the bio-
diesel is purified, residual amounts of Na or K can remain in the biodiesel [68].
Current standard is Na + K \ 5 ppm for 100 % biodiesel (B100). Biodiesel also
contains phosphorus that originates from phospholipids. The current standard is P
\ 4 ppm for B100.
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Fig. 3.21 Aging with accelerated oil consumption on a Euro4 heavy-duty diesel engine. 300 h
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Since it is known that Na, K, and P are poisons for the SCR reaction over
vanadia-based SCR catalysts (see above), it is expected that running an engine
with biodiesel could have some negative impact on a downstream SCR catalyst.
Krahl et al. [69] exposed an extruded vanadia SCR catalyst to 1000 h aging on an
engine running on biodiesel with 10 ppm phosphorus. They saw a drop in NOx
conversion after this treatment both when evaluating the performance with bio-
diesel and with standard diesel. They interpreted this as phosphorus poisoning.
Cavataio et al. [56] exposed one washcoated and one extruded vanadia SCR
catalyst to potassium levels corresponding to a mileage of 52,000 miles. After this
exposure both the coated and extruded vanadia SCR catalyst had lost all or almost
all activity.

3.10.8 In-use Aging Evaluation

Evaluation of durability of vanadia SCR catalysts after in-use testing in a vehicle
has been performed in several studies. Fritz et al. [7] studied the performance of an
extruded vanadia SCR catalyst mounted to a heavy-duty truck. They saw a slight
drop in performance (from 92.1 % to 87.2 % NOx conversion) after a mileage of
117,500 miles. Amon and Keefe [70] studied the performance of an extruded
vanadia SCR catalyst mounted on two 40 ton long-distance transportation trucks.
By taking out samples from the operating systems they could establish a gradual
decline in catalyst activity with a more rapid decline initially and then leveling out.
After 332,000 miles, the activity was still 90 % of the original performance. In a
field trial in US, Block et al. [71] evaluated NOx conversion on two high-way
trucks and one refuse truck after 1 year and 2 years operation. After 1 year, the
NOx conversion was 79–95 % and after 2 years slightly lower (81–91 %).

3.11 Summary and Conclusions

Vanadia-based SCR catalysts have found broad use for reducing NOx from diesel
engines in mobile applications. The typical system uses AdBlue (32.5 % urea
solution) which decomposes in the exhaust gases as a reductant. Current vanadia-
based technology has proven to have good durability and resistance to sulfur, oil
poisons, and hydrocarbons. However, the vanadia system is sensitive to exposure
of alkali metals and very high temperatures. It is feasible to combine vanadia SCR
technology with DOC or DOC/DPF technology, however careful design of the
NO2 level entering the vanadia SCR catalyst is needed as well as thermal man-
agement of the DOC/DPF.
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Chapter 4
Fe-Zeolite Functionality, Durability,
and Deactivation Mechanisms
in the Selective Catalytic Reduction (SCR)
of NOx with Ammonia

Todd J. Toops, Josh A. Pihl and William P. Partridge

4.1 Introduction

Since the introduction of the first emissions control regulations in the 1970s and
1980s [1], catalysis has been implemented extensively to maintain compliance and
to dramatically reduce the harmful pollutants emitted from combustion engines.
For stoichiometric exhaust, primarily from gasoline-powered vehicles, precious
metals, or platinum-group metals (PGM), such as Pt, Pd, and Rh, have been the
hallmark of three-way catalysis, e.g., [2–4], as they are highly active in oxidation
of carbon monoxide (CO) and hydrocarbons (HCs) as well as the reduction of
nitrogen oxides (NOx). The chemistry behind these reactions is equilibrium driven,
as the more benign products of CO2, H2O, and N2 are thermodynamically favored.
However, these catalysts only function properly if the exhaust is at or near stoi-
chiometric conditions. As a result, gasoline vehicle manufacturers began designing
their engine control systems to operate with stoichiometric air/fuel ratios to
optimize catalyst performance and minimize emissions. The need for more fuel-
efficient vehicles, both with respect to increasing fuel costs and future CO2

emissions regulations, is driving vehicle manufacturers to investigate more effi-
cient combustion strategies, such as lean-burn gasoline, or increase production of
more fuel efficient diesel vehicles.

Both diesel-powered vehicles (mobile source) and industrial plants (stationary
source) operate primarily under lean exhaust conditions; i.e., excess oxygen content.
This lean operation results in improved efficiency compared to stoichiometric oper-
ation, and these conditions are favorable for the oxidation of CO and HCs; however,
it results in a very challenging environment for the catalytic reduction of NOx. It is
this challenge that the diesel community has been actively studying as the
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emissions regulations for these fuel-efficient vehicles have become more stringent [5].
Of the most common technologies for reducing NOx from lean-burn engines—lean
NOx traps (LNT), hydrocarbon-based lean NOx catalysis (LNC), and NH3-based
selective catalytic reduction (SCR)—SCR has had the most commercial success
[6–18].

Industrial plants have been relying on a form of SCR since the 1960s [19],
however, the controlled and stable nature of industrial plant operation allows
several degrees of freedom that are not possible on a vehicle. Industrial plants have
relatively steady emissions output, are able to introduce gaseous NH3, can control
the temperature of the catalyst to a very narrow window, and readily employ clean-
up catalysts as the space constraints are not as limiting as on a vehicle. With these
factors in mind, the low-cost vanadium and tungsten oxides supported on titania
are the most widely used catalysts employed to selectively reduce NOx from
stationary sources [20]. These catalysts have also been implemented for diesel
vehicles in Europe, but they have limited thermal durability as well as the potential
to emit harmful gaseous vanadium [21–23].

The other catalysts that have found commercial success in SCR applications are
zeolites exchanged with base metals, primarily Cu and Fe. These zeolite-based cat-
alysts are particularly attractive because they do not rely on precious metals, have
high tolerance to sulfur, and have good activity over a wide temperature range.
Zeolites exchanged with Cu and Fe have been studied extensively, and much of the
general chemistry and functionality is now known [24–28], although the detailed SCR
mechanism is a matter of ongoing research [29–31]. These catalysts have improved
hydrothermal stability over the previously discussed vanadia-based catalysts, and it is
this improved durability that has led to the metal-exchanged zeolite being the pre-
dominant SCR system implemented in US-based commercial vehicles. However,
durability is still a significant concern as several deactivation mechanisms are known
to exist [17, 32–41]. A key limitation of many zeolites is their high temperature
stability in the presence of steam. The SCR catalyst is exposed to high temperatures
when the diesel particulate filter (DPF) required for particulate emissions control is
regenerated and the trapped soot is oxidized at 600–700 �C. If uncontrolled, these
thermal excursions, which are initiated over an upstream diesel oxidation catalyst
(DOC), can lead to SCR catalyst degradation and loss of performance.

The primary difference between Fe- and Cu-exchanged zeolites lies in their
respective operating windows for NOx reduction: Fe-zeolites typically generate
higher NOx conversion efficiencies at higher temperatures, while Cu-zeolites work
better at lower temperatures. This chapter will focus on Fe-exchanged zeolites;
other chapters include detailed discussions of Cu-zeolites. Numerous zeolites have
been studied for SCR applications, including MOR, FER, BEA, ZSM-5, CHA,
SAPO-34 [24]. The zeolite structure and composition impact a variety of catalyst
properties, including NOx reduction activity, NH3 storage capacity, and durability.
Commercial systems have relied on zeolite beta (BEA) or one of the chabazite
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structures (CHA or SAPO-34) due to their improved hydrothermal stability
compared to other zeolites. Our prior work has focused on Fe-BEA samples
provided by our industrial partners, so the discussions below will center on this
class of materials.

This chapter will focus on the Fe-zeolite SCR system and will detail its func-
tionality and durability and discuss the deactivation mechanisms that have been
observed. The Cu-zeolite SCR system will be primarily discussed elsewhere in this
book, but its reactivity and durability will be a source of comparison throughout.

4.2 Experimental Considerations in Evaluating and Aging
Catalysts

Before fully delving into the functionality of the Fe-zeolite SCR catalysts, a brief
discussion on experimental considerations is warranted. To meet vehicle emissions
regulations, these catalysts must be fully functional under a wide range of
‘conditions’, expected exhaust temperatures, compositions, and flow rates that
must be considered in the development and evaluation of these catalysts. However,
before integration into a vehicle emissions control systems, catalysts are typically
evaluated and aged in lab-scale environments. Much of this work is done in
synthetic exhaust gas flow reactors; microreactors for catalyst powders and bench-
scale flow reactors for monolithic core samples. Additionally, the catalysts are
studied on engine dynamometer-based systems that more closely replicate on-road
conditions, yet offer significantly more control over exhaust conditions than can be
achieved in a vehicle. Results generated in each of these systems will be discussed
here, with specific focus on bench-scale flow reactor studies.

Evaluation of core samples from commercial-intent catalysts has been an
important method for measuring and predicting the behavior of on-board systems.
Sample core sizes can vary from very small samples, 5–8 mm OD, to large
samples, 75 mm OD, with most researchers focusing on samples around 25 mm
OD and anywhere from 16 to 100 mm in length. Using washcoated catalyst cores
allows the researcher to evaluate the system as close to its commercial application
as possible, while maintaining control over temperature and gas composition.
There can be challenges in obtaining a uniform washcoat distribution and sample-
to-sample, or even channel-to-channel variations can be significant; however, if
the sample is large enough and carefully harvested from the full size catalyst these
variations can be minimized.

In focusing on SCR catalysts, it is important to first briefly define the chemistry
that is important for the reduction of NOx. There are three primary global reactions
to consider:

4 Fe-Zeolite Functionality, Durability and Deactivation Mechanisms 99



• Standard SCR:

8NOþ 8NH3 þ 2O2 ! 8N2 þ 12H2O ð4:1Þ

• Fast SCR:

4NOþ 4NO2 þ 8NH3 ! 8N2 þ 12H2O ð4:2Þ

• NO2 SCR:

6NO2 þ 8NH3 ! 7N2 þ 12H2O ð4:3Þ

Many of the elementary reactions involved in these global reactions are dis-
cussed elsewhere, including several of the side reactions leading to non-desirable
products, e.g., N2O [24, 42–44]. Other key chemical reactions that occur on these
catalysts and impact performance are the following:

• NH3 storage:

NH3 þ S� NH3�S ð4:4Þ

• NH3 oxidation:

3O2 þ 4NH3 ! 2N2 þ 6H2O ð4:5Þ

5O2 þ 4NH3 ! 4NOþ 6H2O ð4:6Þ

• NO oxidation to NO2:

O2 þ 2NO� 2NO2 ð4:7Þ

It is with each of these reactions in mind that researchers probe the functionality
of SCR catalysts with a goal of developing functional models that predict their
behavior under a wide range of conditions.

To capture these processes in an efficient manner, experimental protocols are
developed and employed. These typically rely on modelers and experimentalists
working closely with each other to ensure that the protocol captures the key
dynamics, and that the catalyst is in a well-known state before measuring reactivity.
In SCR systems, this goes beyond de-greening or preconditioning, as the exchange
metal can change oxidation states based on gas composition [27]. Two of these
protocols will be introduced here. The first is a detailed approach that captures not
only the key reactions but how reactivity changes at different NH3 and NO ratios
[45]. The second approach is more concise and only relies on four steps [46].

The detailed approach was developed to capture the key steady-state reactivity
and the transient nature of SCR chemistry, specifically as it relates to NH3 storage
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capacity, NOx reactivity with stored and gas-phase NH3, and the influence of NH3/
NOx and NO2/NOx ratios. The protocol was developed for implementation in an
automated bench-scale flow reactor using core samples cut from commercial catalyst
monoliths. The protocol includes steps to measure the following catalyst properties:

1. NH3 storage capacity by three independent techniques:

a. NH3 uptake during adsorption,
b. NH3 release during isothermal and temperature programmed desorptions, and
c. NOx reduction by stored NH3, i.e., without NH3 in the feed.

2. Steady-state SCR kinetics with varying reactant compositions:

a. NH3/NO: 0.8, 0.9, 1.0, 1.1, 1.2,
b. NO2/NOx: 0.0, 0.25, 0.5, 0.7, 1.0,

3. NH3 oxidation behavior, and
4. NO oxidation behavior.

The sequence of inlet gas compositions and how these changes in feed affect the
effluent concentrations are shown in Fig. 4.1. Further analysis of these traces
allows the calculation of steady-state conversions, NH3 storage under three dif-
ferent conditions, as well as the stability of the stored NH3. Data generated from
selected portions of the protocol using Fe-zeolite SCR catalysts will be discussed
in the following section for the following conditions: 150–550 �C, 60–120 k hr-1

GHSV, and a total NOx feed of 150–450 ppm.
Another commonly referenced experimental approach is a 4-step protocol that

aims to understand NH3 capacity utilization in SCR catalysts by resolving three
types of capacity: total, dynamic, and unused [46]. Total NH3 capacity represents
the equilibrium coverage if the entire catalyst was exposed to the inlet NH3

concentration and temperature, i.e., in the absence of SCR reactions. This value
generally increases with increasing NH3 concentration and decreases with
increasing temperature and is akin to an adsorption isotherm-based measurement.
Dynamic NH3 capacity is the NH3 capacity used under SCR conditions; this value
is a fraction of the total NH3 capacity, has a constant value at steady-state SCR
conditions, and is dynamic in the sense that it varies with transient SCR conditions.
The unused or vacant NH3 capacity is the difference between the total and dynamic
NH3 capacity, and represents unused capacity if the entire catalyst was at the inlet
conditions. It should be clear that there is a balance between the sum of the
dynamic and unused capacity, and the total capacity; i.e., the dynamic capacity
cannot exceed the total capacity. In practice there are differences between the
various capacities that vary with location, correlate with other SCR operating
parameters, and give insights into capacity utilization.

The 4-step protocol is illustrated in Fig. 4.2 for a case using 200 ppm NO and
NH3 feed; of course other concentrations, NO2/NOx and NH3/NOx ratios would
be needed to fully characterize the performance and properties of a given catalyst.
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Step 1 (200 ppm NO) is designed to fully clean the catalyst of stored NH3, and
quantify any NO oxidation. Step 2 continues the NO flow from step 1, but also
introduces an equimolar flow of NH3 and is used to measure transient and steady-
state NO and NH3 conversion and the dynamic NH3 capacity during standard SCR
operation. The area above the NOx curve and below the NH3 feed in step 2 (SCR in
Fig. 4.2) represents the amount of NH3 used for NOx reduction, and the steady-state
value is indicated by the green arrow. The area below the NH3 curve represents the
NH3 slip, and the steady-state value is indicated by the orange arrow. Any difference
between the steady-state NOx and NH3 curves represents NH3 used for other reac-
tions (e.g., NH3 oxidation); these other reactions are assumed to be steady and
continuous throughout the SCR step. The remaining step-2 area is the dynamic NH3

capacity, which is determined by integrating between the NOx and NH3 curves and
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subtracting the integrated NH3 used for other reactions. Step 3 continues the NH3

flow from step 2 at zero NOx and is used to determine neat or NOx–free NH3

oxidation and the unused NH3 capacity. It should be noted that NH3 oxidation can
differ in the presence and absence of NO, and specifically, can be enhanced by the
presence of NO [13, 46–48]; these observations can be predicted and have been
incorporated into SCR models [47, 49]. The unused NH3 capacity is determined
from integrating between the steady-state and instantaneous NH3 curves, as indi-
cated by the orange-shaded region in step 3 of Fig. 4.2. At the end of step 3 the total
NH3 capacity of the catalyst has been filled by sequentially filling the dynamic and
unused capacity in steps 2 and 3, respectively; and the total NH3 capacity can be
independently measured in step 4 via its desorption and SCR reaction. Transitioning
to step 4 the NH3 flow is shut off and NO is reintroduced. The total NH3 capacity is
determined from the sum of the integrated NOx reduction (green-shaded region in
step 4 of Fig. 4.2) and the desorbed and unreacted NH3 (orange-shaded region in
step 4 of Fig. 4.2). Determining NH3 capacity components from other protocols
generally follows similar integrated analysis described here for the 4-step protocol.

Both of these protocols give a variety of parameters that are important in
understanding the status and reactivity of a given catalyst. The detailed approach
gives a more complete picture of more of the reactions, but it takes longer to run.
The 4-step protocol targets the NH3 storage behavior under specific conditions
expected to occur in the vehicle and is more succinct, but lacks some the reactions
necessary to develop a robust kinetic model. They are presented here to illustrate
the range of approaches that can be taken in measuring the performance and
properties of Fe-zeolite SCR catalysts, or other SCR catalysts for that matter. The
remaining data will draw from results using both protocols.
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Fig. 4.2 4-step SCR evaluation protocol
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4.3 Fe-Zeolite NOx Reduction Characteristics

As discussed in the Introduction, Fe-zeolite SCR catalysts have similar properties to
Cu-zeolites, but they do have distinct differences. To illustrate this, a protocol similar
to the detailed one described above was used to evaluate Fe-and Cu-zeolite catalysts.
Figure 4.3a shows the stoichiometric (NH3/NOx = 1) reactivity of both Fe- and Cu-
zeolites when operated under standard SCR conditions (NO2/NOx = 0) at a space
velocity of 30,000 h-1. Significantly improved low-temperature reactivity of Cu is
evident below 350 �C, and the high temperature benefits of Fe-zeolite are apparent
above this temperature. Furthermore, the ability of Cu-zeolite to store high quantities
of NH3 are evident in Fig. 4.3b, c, where up to 4x more NH3 is stored in the same
volume of catalyst (note the different y-axis scales). As discussed above, both these
catalysts were supplied by commercial partners and the precise zeolite framework
and Si:Al ratios are not known. However, a consistent trend reported in the SCR
literature has been that Fe-zeolites have less NH3 storage than Cu-zeolites [28, 46].
One explanation that has been proposed is that the differences can be ascribed to the
presence of NH3 adsorption sites with different strengths on the two catalysts and/or
to a different coverage dependence of the activation energy for ammonia desorption
[28]. Another possibility is that the NH3 can readily store on the Cu sites in addition to
the zeolite framework, but not on the Fe sites. An additional feature of note in
Fig. 4.3b, c is the difference between lean and rich storage. Both Cu- and Fe-zeolite
store more under the rich storage conditions (NH3 in the absence of O2) compared to
the lean case (NH3 storage in the presence of O2). A significant contributor to the
difference between lean and rich storage is the NH3 oxidation activity of the catalysts.
Cu-zeolite, which is much more active for NH3 oxidation, shows a larger difference
between lean and rich storage at low temperatures compared to Fe-zeolite. This
oxidation behavior will be addressed again later in this section.

While Fig. 4.3 illustrates the behavior of the SCR catalyst at the reactor outlet,
it is often important to investigate the behavior of the reactants inside the catalyst
to see how the NH3 is being utilized and where the NOx is being reduced. This
distributed NH3 utilization in an Fe-zeolite (BEA) SCR catalyst was studied using
the 4-step protocol shown in Fig. 4.2. The partitioning of NH3 utilization between
NOx reduction, slip, dynamic capacity, and other reactions (NH3 decomposition or
NH3 oxidation by O2) can be determined from step 2 (NH3 ? NO). Figure 4.4
shows how this utilization varies in the front half of the catalyst. The green arrows
indicate the amount of NH3 used for NOx reduction (1:1 NH3:NO stoichiometry)
which is determined as the difference in the green curve and the 200-ppm feed
value; this amount increases over the front half of the catalyst (0.5 L). The NH3

slip (orange arrows) decreases along the catalyst axis, and NH3 is fully consumed
by the 0.5 L location; thus, with no remaining NH3 slip there is no potential for
further NH3 storage or NOx reduction. The other NH3 reactions (light-blue boxes)
are less at the catalyst front and approximately constant beyond the 0.25 L catalyst
location. Figure 4.5 summarizes these results and shows the distribution of NH3

utilization under steady-state SCR over the entire catalyst. Notably, 55–80 % of
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Fig. 4.3 a NOx conversion comparison for Cu- and Fe-zeolite SCR catalysts; GHSV of
30,000 h-1 under 500 ppm NO, 500 ppm NH3, 10 % O2, 5 % H2O, and 5 % CO2. NH3 storage
under both lean (with O2) and rich (no O2) conditions for b Cu-zeolite and c Fe-zeolite; GHSV of
30,000 h-1, 500 ppm NH3, 0 or 10 % O2, 5 % H2O, and 5 % CO2
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the NH3 is used for NOx reduction. However, a significant (15–20 %) amount of
the NH3 is consumed by other reactions and is not available for NOx reduction use.
Other results (not shown) indicate that the unused NH3 capacity (step 3) increases
linearly along the catalyst length, the dynamic NH3 capacity (step 2) is concen-
trated in the front where SCR reactions occur, and the total capacity (step 4)
balances with the dynamic and unused capacities. These types of catalyst insights
improve kinetic and system models to design and control SCR catalysts for better
efficiency and durability, e.g., how to reduce unwanted NH3 oxidation by O2.
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As noted in Fig. 4.5, the NH3 is consumed at approximately 0.375 L, or after
*1/3 of the catalyst at an SV of 30,000 h-1. In studying the overall performance
behavior, the data focused on this space velocity which is typical of vehicle appli-
cations. However, in implementing the protocols that do not rely on intra-catalyst
measurements, higher space velocities, 90,000–120,000 h-1 are typically employed
to measure reactivity with less than 100 % conversion of the reactants, i.e., NH3

beyond 0.375 L in Fig. 4.4. Figures 4.6 and 4.7 are examples of the types of steady-
state data that can be extracted from the protocol runs. Figure 4.6 shows the NOx

conversion activity of the Fe-zeolite SCR catalyst as a function of temperature for
three NO2/NOx ratios (0.0, 0.5, and 1.0) over a de-greened catalyst. As expected for
Fe-zeolite SCR catalysts, 1:1 mixtures of NO and NO2 (‘‘fast’’ SCR) yield much
higher SCR reaction rates than NO or NO2 alone [24]; however, for this Fe-zeolite
formulation, NO2-only is more reactive than NO alone. This appears to be a general
characteristic of Fe-zeolites [24] and indicates that the ‘‘slow SCR’’ terminology
used to describe NO2 SCR is a misnomer. However, even though the overall NOx

reduction is improved with increasing NO2 concentrations, the selectivity to the
undesirable N2O increases significantly for the NO2-only case and measurably for
the NO2/NOx = 0.5 case, as noted in the bottom graph in Fig. 4.6. This increase in
N2O formation is an indicator of the formation and decomposition of an ammonium
nitrate intermediate rather than the more desirable ammonium nitrite [47, 49–51].
The NOx conversions were measured at steady state (which can take hours to achieve
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at these low temperatures), so no further accumulation of ammonium nitrate was
occurring (the rates of formation and decomposition were equal). Thus, the higher
NOx conversions observed with NO2 SCR are due to conversion of NO2 to N2 and
N2O and not accumulation of ammonium nitrate on the surface.

Figure 4.7 summarizes NOx conversion as a function of NH3/NO ratio and
temperature. At 300 �C and below, the NOx conversion decreases with increasing
NH3 dose. This behavior indicates that NH3 inhibits the NO SCR reaction at low
temperatures. Above 300 �C, the trend reverses, and NOx conversion improves
with increasing NH3 concentration. Interestingly, Fig. 4.8 shows that NH3 oxi-
dation becomes measurable at temperatures above 300 �C. The maximum
observed conversion is only 15 % at 550 �C, which is much lower than the
reported values of [90 % on Cu-zeolites [52]. The lower NH3 oxidation activity
over the Fe-zeolite is the underlying reason for its higher NOx conversion activity
at high temperatures. Interestingly, the selectivity on these catalysts favors N2

formation with only 2 % NO yield and \1 % N2O at 500 �C. This is an important
consideration since it illustrates that models need to account for losses of NH3 to
oxidation, but not necessarily more NO formation.

In addition to the steady-state data typically collected for evaluation of SCR
catalysts, the test protocols include well-defined transient steps that generate
additional insights into the catalyst surface chemistry. Figure 4.9 shows the NH3
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released from the catalyst during the temperature programmed desorption (TPD) at
the end of the detailed protocol run. For adsorption temperatures above 300 �C, all
of the NH3 is released during the isothermal desorption step prior to the TPD (see
Fig. 4.1). For adsorption temperatures below 300 �C, the amount of NH3 desorbed
during the TPD increases with decreasing adsorption temperature. For all but one of
the TPD runs, there is a single NH3 desorption feature centered at approximately
300 �C. Note that this temperature also represents the threshold for NH3 inhibition
of the NO SCR reaction. At 150 �C there is a second low temperature NH3

desorption, likely due to formation of ammonium nitrates on the catalyst surface.
The detailed protocol includes several transient steps that provide independent

measures of NH3 storage capacity under various operating conditions. These
include adsorption under inert conditions, isothermal, and temperature pro-
grammed desorption, and reactivity of NO with stored NH3 after the NH3 feed is
shut off. Integrating the NH3 stored, released, or reacted during each of these steps
yields the capacities summarized in Fig. 4.10. The integrals from the two
desorption steps are shown as stacked bars to indicate the total NH3 desorbed. This
plot yields two noteworthy insights. First, with the exception of the lowest tem-
perature run, the three independent measurement techniques for determining
storage capacities are fairly consistent. Based on this observation, we conclude that
a measurement of NH3 storage capacity can be achieved through any of the three
techniques. The exception to this conclusion is for temperatures below 200 �C,
where the slow SCR kinetics limit the NOx reacted with stored NH3. At these low
temperatures, the appropriate measure of NH3 storage capacity will depend on the
application of the measurement. The consistency between the various NH3 storage
measurements is due to the low NH3 oxidation activity of the catalyst. Catalysts
with higher NH3 oxidation rates (such as Cu-zeolites) exhibit much larger dif-
ferences between NH3 stored under inert conditions as compared to NH3 desorbed/
reacted under oxidizing conditions.
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4.4 Durability, Aging Techniques, and Deactivation
Mechanism Affecting Performance

Much of the research performed and publicly disseminated relies on fresh or
degreened catalyst samples; however, aging can have a significant impact on the
performance of these catalysts. It is critical to understand these impacts since
vehicle emissions must be certified with the catalysts in an aged state. For light-
duty vehicles this aged condition is 120,000–150,000 miles and for heavy-duty
vehicles it is 435,000 miles. The primary factor that goes into aging is the thermal
durability requirements, as the emissions control devices are expected to reach
temperatures up to 800 �C under typical operating conditions. This high temper-
ature is expected during the active regeneration of the DPF or under stoichiometric
operation of lean gasoline engines. Additionally, reversible deactivation from
hydrocarbons and sulfur can affect the SCR chemistry [32, 34, 39, 40], and there
have been reports of irreversible contamination from metals originating from the
fuel [53–56], lubricants [38], or even upstream catalysts [35–37]. Operating these
catalyst systems to the end of full useful life, especially when evaluating several
new catalysts and operating procedures, is often unreasonable and cost-prohibitive;
therefore, accelerated aging protocols/routines are necessary. The remainder of
this section will address the deactivation mechanisms observed in Fe-zeolite SCR
catalysts as well as the accelerated aging protocols often used to produce the aged
samples.

The majority of published research on the thermal durability of zeolite-based
SCR catalysts utilize controlled furnace-based hydrothermal aging to accelerate
the aging process [10, 57, 58]. This approach can adequately match the thermal
strains that catalysts experience under engine or vehicle aging conditions, as has
been elegantly demonstrated by Schmieg et al. on a Cu-zeolite (CHA) SCR cat-
alyst [52]. An additional benefit of furnace aging is that it allows the isolation of
thermal durability aspects of the catalyst. Generally, modern metal-exchanged
zeolites have shown good durability under these controlled conditions, exhibiting
less than a 10 % decrease in NOx reduction activity. As an example, Fig. 4.11,
shows the impact of aging an Fe-zeolite (BEA) SCR in the presence of H2O, CO2,
O2, and SO2 in a furnace-based flow reactor for 64 h at 670 �C. As mentioned
above, the NOx conversion of the hydrothermally aged SCR catalyst was mini-
mally affected. Devadas et al. obtained similar results after 50 h of hydrothermal
aging with an Fe-zeolite (ZSM-5) SCR catalyst [57]. Even aged catalysts that
maintain activity can experience a decrease in surface area and dealumination,
which occurs when the Al3+ ions in the SiO2–Al2O3 tetrahedral framework migrate
out of the structure. This typically manifests itself as a decrease in NH3 adsorption
capacity and the loss of surface acidity [52, 59]. When aging above the mild
temperatures shown in Fig. 4.11, i.e., [800 �C, many of the zeolites begin to
dramatically breakdown structurally [52, 59].

For a more complete system-based durability evaluation, it is common to
include the DOC and DPF in the aging protocol, and to rely on HC oxidation over
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the DOC to generate the exotherm for inducing thermal aging. These approaches
generally rely on engine-based systems, but in some instances could be performed
with only flow reactors [60]. These more complex approaches can lead to several
deactivation mechanisms occurring simultaneously, but can offer good insight into
the potential limitations of the overall system. To illustrate this approach, an
engine-based DOC-SCR-DPF accelerated aging approach will be discussed [37].
In the study, the aging of the SCR catalyst was achieved by increasing the exhaust
temperature to replicate periodic DPF regenerations with target exhaust gas tem-
peratures of 650, 750, and 850 �C at the SCR inlet. The activity of the engine-aged
Fe-zeolite (BEA) SCR catalysts was then evaluated in a flow reactor to determine
the extent of catalyst degradation, and material characterization was performed to
ascertain the deactivation mechanisms associated with engine aging.

In implementing this engine and flow reactor systematic approach, it is possible
to investigate different sections of the catalyst. Figure 4.12 shows the impact of
aging temperature on the front and rear sections of the Fe-zeolite SCR catalysts.
Very different activity is observed in these samples. Although there was an axial
temperature gradient across the catalysts, *100 �C when aging at 650 and 750 �C
and *50 �C at 850 �C, this cannot explain the dramatic difference in perfor-
mance;. the rear of the 750 �C-aged SCR reached 650 �C, but it outperforms the
front of the 650 �C-aged SCR. More evidence of involvement of a different
deactivation mechanism can be seen in BET-measured surface areas in Fig. 4.13.
The front and rear sections of the SCR catalyst engine aged at 650 �C are 60 m2/g
and 59 m2/g, respectively, which both approximate the fresh catalyst, 58 m2/g. At
higher aging temperatures, surface areas begin to decrease and the thermal gra-
dient is apparent as the front section is more adversely affected than the rear
sample. Of course for this to be the sole cause of performance degradation there
would have to be a notable surface area decrease in the front section of the sample
aged at 650 �C to explain the results in Fig. 4.12. In examining the 850 �C results
it is clear that both the front and rear sections have both significant activity losses
and surface area losses.
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The thermal aging effect on the zeolite structure is further evident in XRD and
NMR studies shown in Figs. 4.14, 4.15, and 4.16. Figure 4.14 shows the XRD
patterns of the fresh and accelerated engine-aged Fe-SCR catalysts; only the front
sections are shown here. The clearest phase change that occurs is the gradual loss
in the zeolite crystallinity at increasing aging temperatures. The primary zeolite
peaks are visible at 2h = 8 and 22.5�. The peaks are clear and predominant in the
fresh sample, and also after aging at 650 �C. However, upon heating to 750 and
850 �C, the zeolite structure begins to diminish. This breakdown of the zeolite
generally results in alumina formation with detectable peaks of alumina in the
XRD patterns occurring at 2h = 43 and 67�. These peaks are more discernible at
850 �C and to a lesser extent at 750 �C. Additionally, at higher aging tempera-
tures, there is a minor growth in the Fe2O3 phase at 2h = 36 and 54�. This
indicates that active Fe cations in the fresh catalyst have formed Fe2O3 clusters in
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the aged samples. As the zeolite structure collapses, active cations are freed and
they can form oxide clusters such as Fe2O3. As the zeolite structure begins to
decompose, the surface area decreases, and there will be fewer available sites to
bind the Fe cations, and thus the Fe2O3 phase will become more prevalent [14].
These results, especially combined with the performance evaluation, point to this
zeolite failing when aged above 750 �C. The obvious Fe2O3 peak at 54� combined
with the drop in surface area of the 850 �C-aged samples provide very strong
evidence for zeolite collapse.

Solid-state 27Al-NMR is sensitive to the local structure and bonding and pro-
vides a method to extend our description of aluminum bonding in these hetero-
geneous, amorphous materials [61]. In particular, the 2D experiment that employs
triple quantum excitation/evolution and magic angle spinning (3QMAS) has
shown great promise in resolving multiple tetrahedral and octahedral aluminum
sites as well as penta-coordinate aluminum in zeolites [62]. The suite of stacked
27Al MAS spectra in Fig. 4.15 are of the fresh Fe-zeolite/cordierite samples in the
fresh state (a), and after aging at 650 (b), 750 (c), and 850 �C (d), as well as a
cordierite blank (e). The same sample suite yields the 3QMAS spectra shown in
Fig. 4.16. In both figures, the catalyst spectra are also compared with the spectrum
of the cordierite support. Cordierite and Fe-zeolite are constructed of aluminum
with tetrahedral coordination represented by the asymmetric resonance band
centered at 50 ppm in the 1D spectrum (see Fig. 4.15). The number of distinct
aluminum sites is difficult to assess from the 1D data. The 2D spectrum of the fresh
Fe-zeolite/cordierite, Fig. 4.16a, clearly shows the broad tetrahedral resonance
contains three partially resolved resonances. The Al(1) resonance is due to the
support (see Fig. 4.16e). The Al(2) and Al(3) resonances near 55 ppm arise from
the Fe-zeolite catalyst [63]. These signals diminish in the successively aged
samples, as seen in both Figs. 4.15 and 4.16, and completely disappear in the
850 �C-aged sample. The loss of the signal is attributed to dislodgement of lattice
aluminum species to extra-framework positions, perhaps yielding undefined res-
onances due to the presence of paramagnetic iron species.

Combining all of these characterization techniques and comparing the results to
the performance data, it is clear that heating to 850 �C has the most significant
impact on the structure and reactivity of the catalysts. These losses in zeolite
structure are occurring at lower temperatures compared to the Cu-zeolite (CHA)
discussed above [52], but this is essentially due to the difference in zeolite being
used. To date there has not been a commercially produced catalyst that has
demonstrated the ability to exchange Fe in the CHA zeolite, but there have been
some recent academic reports that suggest it is possible and could lead to more
thermally durable Fe-zeolite SCR catalysts [64, 65].

The materials characterization is clearly important to help understand and
quantify some of the deactivation mechanisms occurring; however, it is not suffi-
cient to explain the deactivation of the front section of the Fe-zeolite SCR, espe-
cially the one aged at 650 �C. For this, it is necessary to point to the findings of Jen
et al. [35, 36], who illustrated that Pt and to a lesser extent Pd can volatize from the
upstream DOC and deposit on the front face of the SCR. This has a deleterious
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effect on NH3 availability for NOx SCR as it is easily oxidized over even trace
quantities of Pt and Pd. This is clearly illustrated in Fig. 4.17 as the front of the
650 �C-aged sample shows NH3 oxidation readily occurs above 250 �C, such that
above 300 �C less than 80 % of the introduced NH3 is available. This is coincident
with the dramatic decrease in activity shown in Fig. 4.12. Furthermore, with PGM
contamination it is expected that the amount of N2O being made will increase with
these catalysts, and Fig. 4.18 illustrates this rise in N2O yield when comparing the
fresh to the 650 �C-aged catalyst. Of course this deactivation mechanism is not
unique to Fe-zeolites, and should be a consideration for each NH3-SCR-based
system. Also to be considered are the findings of the follow-up study illustrating the
reduced volatilization that occurs with Pt/Pd mixtures [36].

4.5 Summary

As is illustrated in this chapter, Fe-zeolites have a specific role in NH3-based SCR
of NOx, and provide reaction characteristics that are different from other
SCR-based systems. Through application of an appropriate experimental protocol,
it is possible to gain deep insight into the detailed workings of these catalysts.
Although the chemistry is largely similar to that of Cu-zeolite SCR catalysts, there
are key differences that differentiate the two systems:

• The operating window of Fe-zeolite is considerably higher, which is primarily
attributed to its decreased activity for NH3 oxidation by O2. This is one of the
key differentiating attributes of the catalyst, and allows emissions control
developers more flexibility when designing their systems. Additionally, a
carefully designed system combining with Cu-zeolites and Fe-zeolites could
allow a broader temperature window [66–68].

• The NH3 storage capacity of Fe-zeolite is significantly lower than Cu-zeolite.
While this feature is less desirable in a hybrid LNT ? SCR system where NH3

is generated over the LNT and stored on the SCR for later use, it can be
preferred from a controls standpoint since there is less accumulation to account
for on the catalyst. In fact, the very high storage of NH3 at low temperatures
significantly complicates the functionality of a Cu-only system during transient
operation.

• Current model Fe-zeolites have shown hydrothermal stability up to 670 �C, but
at higher temperatures there are significant concerns with durability. With fur-
ther improvements in the zeolite framework, a durable Fe-SCR catalyst may
have a role in automotive emissions control of NOx.

These differences help illustrate the range of catalyst functionality in SCR
chemistry, and the protocols outlined here offer guidance on practical methods of
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measuring this functionality. Understanding the behavior of the system and how it
changes during operation/aging is critically important to implementing and mod-
eling these SCR systems for emissions control, and ultimately improving their
functionality and durability.
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Chapter 5
Cu/Zeolite SCR Catalysts for Automotive
Diesel NOx Emission Control

Hai-Ying Chen

5.1 Introduction

Cu/zeolite catalysts have long been recognized to be highly active in the Selective
Catalytic Reduction (SCR) of NOx with NH3 [1–16]. Compared to titania sup-
ported vanadia SCR catalysts, which have been successfully commercialized for
stationary NOx emission control since the 1970s and installed on certain Heavy
Duty Diesel (HDD) vehicles to meet the NOx emission regulations since the early
2000s, Cu/zeolite SCR catalysts exhibit higher NOx conversion efficiency, par-
ticularly at low temperatures [11, 17]. In addition, Cu/zeolite SCR catalysts are
more tolerant to high temperature excursions. For automotive applications, this is a
critical requirement for the SCR component when it is combined with a Diesel
Particulate Filter (DPF) in the emission control system. In order to effectively
regenerate the DPF component, the entire system is exposed to temperatures above
600 �C periodically. Cu/zeolite SCR catalysts are significantly more stable than
vanadium-based SCR catalysts at temperatures above 650 �C.

Fe/zeolite catalysts are another group of SCR catalysts that are durable to high
temperature exposure and exhibit good SCR activity. Fe/zeolite catalysts even
show higher NOx reduction efficiency at temperatures above 350 �C compared to
Cu/zeolite catalysts [11, 16–18]. However at temperatures between 200 and
300 �C, which are common to normal diesel engine operation conditions, Cu/
zeolite catalysts are significantly more active than Fe/zeolite catalysts. Further-
more, their low temperature activity is less sensitive to the NO2/NOx ratio in the
feed. Although Cu/zeolite catalysts are less selective than Fe/zeolite catalysts in
utilizing NH3 for NOx reduction at high temperatures, this lower selectivity can be
compensated by a slight NH3 over-injection. All these features make Cu/zeolite
SCR catalysts a preferred technology for automotive diesel NOx emission control.
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Extensive investigations on the application of Cu/zeolite SCR catalysts on
diesel vehicles began in the early 2000s when the US EPA introduced the Tier 2
emission regulations for light duty vehicles and the US EPA 2007/2010 emission
standards for both light and heavy duty diesel trucks [9–14]. A US DOE funded
project carried out by Ford Motor Company demonstrated that [90 % NOx
reduction efficiency could be achieved with an emission control system consisting
of a Diesel Oxidation Catalyst (DOC), a Cu/zeolite SCR catalyst, followed by a
diesel particulate filter (DPF) [11]. When the system was relatively fresh, the
vehicle could easily achieve the US EPA Tier 2 Bin 5 emission standards despite
the low temperature operation of the vehicle. When the system was aged to
simulate the real road useful life, a gradual degradation of the NOx reduction
efficiency became obvious. At the end of its useful life, the systems could no
longer meet the NOx emission standard. Subsequent postmortem analysis of the
Cu/zeolite SCR catalyst indicated that hydrothermal deactivation of the Cu/zeolite
SCR catalyst, due to the accumulated exposure time at high temperatures, was the
major cause of its performance degradation [19]. There were also indications that a
portion of the Cu/zeolite SCR catalyst might have been exposed to temperatures
substantially higher than 670 �C. These results clearly demonstrated that a sig-
nificant improvement of the hydrothermal stability of Cu/zeolite SCR catalysts
was needed for them to achieve real world durability requirements.

Small-pore zeolite supported Cu SCR catalysts have been discovered to exhibit
improved hydrothermal stability [20–23]. At best, these catalysts can maintain
high NOx reduction efficiency with little degradation even after prolonged
hydrothermal exposure at 800 �C and can tolerate short temperature excursions as
high as 900 �C. In addition, the new class of Cu/zeolite SCR catalysts also exhibit
improved N2 selectivity with reduced N2O formation and good HC tolerance. With
all these improved properties, small-pore zeolite supported Cu SCR catalysts have
been successfully implemented on diesel engine powered vehicles meeting the
stringent US EPA 2010 or Europe EU5 emission regulations.

In this chapter, the chemistry and functionalities of Cu/zeolite SCR catalysts are
discussed. Results on the investigation of the deactivation mechanisms of the
previous generation of Cu/zeolite SCR catalysts, especially under hydrothermal
aging conditions, are presented. Next, the development of small-pore zeolite
supported Cu SCR catalysts will be reviewed. Finally, recent studies reported in
the literature to understand the hydrothermal stability and performance of small-
pore zeolite supported Cu SCR catalysts will be summarized.

5.2 Chemistry and Functionality of Cu/Zeolite SCR
Catalysts

Extensive studies have been conducted by many research groups to understand the
reaction mechanisms and kinetics of the SCR reaction of NOx with NH3, as well
as to elucidate the active sites of SCR catalysts. These will be discussed by other
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authors in Chaps. 6 and 7 of this book. Excellent review articles are also available
in the literature [4, 15, 16]. In this section, the chemistry and functionalities of
Cu/zeolite SCR catalysts will be briefly reviewed.

Zeolites, or molecular sieves, are a group of materials with ordered crystalline
lattice structures. Within the framework, regular-shaped pores (or cages) are
formed. These pores are interconnected to each other through openings (or win-
dows) of the framework. So far, more than 200 unique types of zeolite structures
have been identified. Each of the structures is designated with a three-letter code.
Details about the zeolite structures and the related materials can be found at the
International Zeolite Association’s website [24].

In this chapter, we characterize zeolites as containing small, medium, or large
pores. The definition is based on the largest opening of the framework. As such,
small-pore zeolites are defined by openings of eight tetrahedral atoms, such as Si
and Al, linking to each other by eight oxygen atoms. This type of structure is also
called an 8-membered ring structure or 8-ring structure. Similarly, medium- and
large-pore zeolites are defined by 10-ring and 12-ring openings, respectively.

Many zeolites have been evaluated as supports for Cu in SCR catalysis. Almost
all the earlier work, however, is limited to medium- and large-pore zeolites, such
as ZSM-5 (MFI, 10-ring), ferrierite (FER, 10-ring), mordenite (MOR, 12-ring), Y
(FAU, 12-ring), and beta (BEA, 12-ring). Among them, Cu/ZSM-5 and Cu/beta
are the two most studied systems. Of the two, Cu/beta catalysts show better
hydrothermal stability and were favored by industry, while Cu/ZSM-5 catalysts
were primarily studied by academia. It was not until recently that both industry and
academia shifted their interests to small-pore zeolites as supports of Cu SCR
catalysts.

In an aluminosilicate zeolite, silicon and aluminum atoms are tetrahedrally
coordinated with oxygen atoms and linked to each other through oxygen bonds.
Since the aluminum atom carries only three valence charges, it creates a charge
imbalance at the tetrahedral site. To compensate the additional charge, a positively
charged cation is attracted and anchored near the aluminum site. If the cation is a
proton, this site is called a Brønsted acid site and behaves like a Brønsted acid; if
the cation is a metal ion, the site is generally called an exchange site since the
metal ion can be replaced by other cations.

Both the framework structure and the acid/exchange sites of a zeolite support
play important roles in the SCR reaction [4, 16]. The openings of the framework
structure allow gases such as NOx, NH3, and O2, to enter into the interconnected
pores of the zeolite support. The intra-crystalline pores generate a large surface area
for low concentrations of NOx and NH3 to condense on the surface and provide
spatial confinement for these molecules to react. The acid sites are directly involved
in the SCR reaction. They adsorb NH3 forming NH4

+ ions, which is believed to be a
key step in the SCR reaction mechanism. The exchange sites anchor Cu cations so
that Cu ions are atomically dispersed inside the matrix of the zeolite.

The exact nature of the copper sites is still under investigation. Most of the
literature agrees that highly dispersed Cu ions are the active sites that catalyze NO
oxidation, whether they are isolated [Cu]2+ ions, Cu-hydroxo [Cu–OH]+ ions,
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binuclear [Cu–O–Cu]2+ ions, or multinuclear Cu-oxo ions. Oxidation of NO and
the subsequent formation of NOx surface adsorption complexes on Cu sites are in
general believed to be another key step in the SCR reaction mechanism [25].
Depending on the catalyst preparation method, different levels of copper oxides or
clusters of copper oxides may be formed on the external surface or even inside the
pores of the zeolite support. These types of CuO are more active in catalyzing non-
selective NH3 oxidation than the SCR reaction, hence negatively affecting the
selectivity of NH3 for NOx reduction. Such an effect is more pronounced at high
temperatures.

In summary, Cu/zeolite SCR catalysts provide two functions in the SCR
reaction. The zeolite support provides acid sites for NH3 adsorption and activation.
The Cu sites provide redox centers in catalyzing the oxidation of NO, which
subsequently forms surface adsorption complexes and further reacts the adsorbed
NH4

+ producing N2 with very high selectivity. It should be noted that, for a high
performing Cu/zeolite SCR catalyst, the two functions must be well balanced to
achieve the optimum SCR activity and selectivity over a wide temperature region.
In other words, the Cu loading has to be optimized. At a low Cu loading, there may
be insufficient Cu sites to perform the redox function. At a high Cu loading, there
may be insufficient acid sites for NH3 adsorption and activation. Even if the
number of acid sites is not a rate-determining factor, a high Cu loading can cause
excessive NH3 oxidation which reduces the selectivity of the catalyst. In addition,
an excessive Cu loading may also negatively affect the hydrothermal stability of
the catalyst. This will be discussed further in the following section.

5.3 Deactivation Mechanisms of Cu/Zeolite SCR Catalysts

5.3.1 Hydrothermal Deactivation

Zeolites are metastable materials because of the presence of intra-crystalline pores
in their framework. When a zeolite is heated to high temperatures, its structure
collapses forming denser crystalline phases, such as quartz [26]. Under hydro-
thermal conditions, water accelerates this phase transition by attacking the
aluminum sites through a dealumination process, in which aluminum atoms are
detached from their tetrahedrally coordinated framework positions creating defect
sites at those locations [27, 28]. Depending on the chemical properties of the
cations associated with those aluminum sites, extra framework aluminum oxide
clusters, metal oxide clusters, or metal aluminates can be formed in the cavities of
the zeolite during the dealumination process [29–32]. In its early stage, the dea-
lumination process may not cause an obvious structural change of the zeolite, even
though it significantly affects the acidity and the nature of the exchange sites. As
Cu/zeolite SCR catalysts rely on all these functionalities for SCR reactions, any
change of these properties can impact their catalytic performance.
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Water is inevitable in the exhaust stream of diesel engines as it is a product from
the fuel combustion process. The typical water content in diesel exhaust is in the
range of 4–9 %. Under normal operation conditions however, the exhaust tem-
perature is relatively low, in the range of 200–300 �C. This is not high enough to
alter the properties of most Cu/zeolite SCR catalysts. The thermal stability
requirement is mainly the result of the periodic regeneration events required to
clean the DPF component of the emission control system. To effectively burn off
the diesel particulate matter (or soot) trapped on the DPF component, the exhaust
temperature has to be periodically raised to above 600 �C. During the DPF
regeneration events, the temperature of the SCR component can be even higher. For
example, with an emission control system consisting of (DOC ? SCR ? DPF),
additional fuel is injected upstream of the DOC component during the DPF
regeneration events to generate heat which increases the temperature of the
downstream SCR and DPF components. Taking heat loss into consideration, the
temperature of the SCR component has to be above 600 �C in order for the DPF
component to reach that temperature. In another emission control configuration
(DOC ? DPF ? SCR), the additional heat generated by soot oxidation on the DPF
component during regeneration events may well exceed the heat loss between the
DPF and the SCR components, increasing the exhaust temperature before the SCR
component. Although the exposure time to high temperature lasts only several
minutes in a typical DPF regeneration event, the accumulated time at high
temperature over the useful life of the system is significantly longer. In fact for SCR
catalyst development and screening purposes, it is a common practice to hydro-
thermally age the catalyst at a defined high temperature for a long period of time to
assess its hydrothermal stability. For instance, Ford was using an aging condition of
670 �C/64 h with 4.5 % H2O to assess the durability of SCR catalysts in the DOE
funded SCR demonstration project [11].

Many properties of a zeolite support can affect its hydrothermal stability. The
type of framework structure and the silica-to-alumina ratio (SAR) of the material
have been well recognized to play important roles [26]. Of the medium- and
large-pore zeolites studied in the previous generation of Cu/zeolite SCR catalysts,
ZSM-5 (MFI) and beta (BEA) were found to be hydrothermally more durable. It is
well known that a zeolite with a higher SAR is in general more durable to
hydrothermal aging since it has less aluminum sites to attract water. With a high
SAR, however, the zeolite may not have sufficient acid sites for the SCR reaction
or enough exchanges sites for the adequate amount of Cu loading and dispersion.
This can result in a catalyst with overall low catalytic activity. For a balanced high
performance and hydrothermal stability, the typical SAR of the zeolite supports
used in Cu/zeolite catalysts is up to 50. Other factors, though less well recognized,
also play important roles in governing hydrothermal stability. These include
crystal size, morphology and phase purity [28, 33].

The presence of Cu (or other metal ions) at the exchange sites also influences the
hydrothermal stability of the zeolite [13, 30, 34]. On one hand, Cu ions replace the
protons at the exchange sites, making the adjacent tetrahedral aluminum sites less
susceptible to H2O interaction. This ‘‘shielding’’ effect hinders the dealumination
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process and improves the hydrothermal stability of the catalyst. On the other hand,
Cu is known to readily react with alumina forming stable copper aluminate at high
temperatures. Such a chemical reaction accelerates the dealumination process and
decreases the thermal stability of the catalyst. Therefore, an optimum Cu exchange
level or Cu to aluminum ratio is also important for a Cu/zeolite catalyst to have
good hydrothermal stability.

To further illustrate the hydrothermal deactivation mechanism of Cu/zeolite
SCR catalysts, some of the results obtained on a Cu/beta SCR catalyst from our
previous studies will be summarized below [35–37]. The Cu/beta SCR catalyst
was prepared by ion exchange of Cu onto a beta zeolite with an SAR = 25. The
Cu loading was 5 wt.%, corresponding to a Cu/Al ratio of 0.65, or 130 % ion-
exchange level. Here, the exchange level is calculated by assuming that all Cu
present in the sample are Cu2+ ions and that, simply from a charge balance point of
view, each Cu2+ ion can occupy two tetrahedral aluminum sites. The fact that the
Cu/Al ratio exceeded 0.5, or 100 % ion-exchange level in the sample, suggests that
part of the Cu may exist as hydroxo- or oxo-ions, or copper oxides.

In-situ XRD was used to assess the thermal stability of the beta zeolite support
and the Cu/beta catalyst. The powder samples were mounted on the hot-stage in the
sample chamber under a flowing 20 % O2/80 % N2 gas mixture. The temperature
was increased from room temperature to 970 �C at a 10 �C/min ramping rate. Two
dwells were included in the heating profile, each an hour long, at 900 and 970 �C.
XRD data sets were collected at 55 �C increments, or *5-min intervals. Finally, an
XRD scan was recorded when the sample was cooled to room temperature.

The XRD scans of the parent beta zeolite support as a function of temperature/
scan interval are compiled in Fig. 5.1. The initial increase of the intensity from
room temperature to 253 �C (Scan numbers = 1–6 in Fig. 5.1) for the peak at
2h–7.5� can be attributed to dehydration of water from the zeolite [38]. The peak
maintains its intensity until 415 �C (Scan number = 9 in Fig. 5.1). Above this
temperature, a slow decline in the peak intensity can be seen, suggesting a gradual
loss of crystallinity. The trend is slightly different for the diffraction at 2h–22.8�
and other peaks. Their intensity remains relatively constant until the temperature
reaches *600 �C (Scan number = 13 in Fig. 5.1). Thereafter, a slow decrease in
the intensity becomes noticeable. All these reflection peaks (including the one at
2h–7.5�) however, remain even after 1 h dwell at 970 �C. This indicates that the
material still maintains its framework structure. Indeed, a final XRD scan of the
sample when it is cooled to room temperature reveals that the zeolite structure
remains relatively intact, although it does show about a 40 % loss in intensity
compared to the XRD pattern before the heat treatment. Nevertheless, the beta
zeolite sample used in this study has good thermal stability.

The XRD patterns of the Cu/beta catalyst as a function of temperature/time
interval are plotted in Fig. 5.2. At temperatures below 800 �C (Scan number = 16
in Fig. 5.2), the change in intensity of all the diffraction peaks that correspond to
the beta zeolite framework structure follows nearly the same trend as seen on the
parent beta zeolite. Above this temperature however, the intensity of all peaks
decreases rapidly. The zeolite crystalline structure completely collapses and
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becomes amorphous at 924 �C (Scan number = 31 in Fig. 5.2). When the tem-
perature reaches 970 �C (Scan number = 32 in Fig. 5.2), new SiO2-quartz and
SiO2-cristobalite crystalline phases appear in the diffraction patterns. In Fig. 5.2,
very weak CuO diffraction peaks at 2h–35.4 and 38.7� can be seen at room

Fig. 5.1 In-situ XRD scans of a beta zeolite from room temperature to 970 �C. The temperature
increases as the ‘‘Scan number’’ increases with two dwells at 900 �C (Scan number = 19–30) and
970 �C (Scan number = 32–43). The last scan is recorded when the sample is cooled to room
temperature

Fig. 5.2 In-situ XRD scans of a Cu/beta catalyst from room temperature to 970 �C. The
temperature increases as the ‘‘Scan number’’ increases with two dwells at 900 �C (Scan
number = 19–30) and 970 �C (Scan number = 32–43). The last scan is recorded when the
sample is cooled to room temperature
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temperature (Scan number = 1 in Fig. 5.2). These peaks become weaker and
weaker with the increase in temperature and completely disappear at 626 �C (Scan
number = 13 in Fig. 5.3). Above this temperature, no diffraction peaks associated
with any known Cu compounds can be identified. The presence of CuO on the
sample is likely due to its relatively high Cu loading (130 % Cu exchange level).
When the Cu loading was reduced to 3 wt.%, or 80 % Cu exchange level, no CuO
diffraction peaks are apparent. However, a decrease in crystallinity and loss of
zeolite framework structure are still observed at temperatures above 800 �C with
the low loaded Cu/beta catalyst.

The results in Figs. 5.1 and 5.2 demonstrate that Cu accelerates the phase
transition of the zeolite structure. As discussed earlier, this is likely due to the
formation of more stable copper aluminate at high temperatures which facilities the
dealumination process. Although no diffraction peaks corresponding to bulk copper
aluminate can be seen in Fig. 5.2, it is possible that once the CuAl2O4-like compound
forms, it is highly dispersed in the matrix of the SiO2. The relatively low concen-
tration of aluminum in the material and the high stability of copper aluminate support
this hypothesis. Since a redispersion of CuO at temperatures below 626 �C is
observed in Fig. 5.2, it clearly suggests that CuO has high mobility in a beta zeolite.

Although the in-situ XRD study suggests that the Cu/beta SCR catalyst is
thermally stable up to 800 �C, it deactivates noticeably when the catalyst is
hydrothermally treated at lower temperatures but for a longer period of time. As
shown in Fig. 5.3, the Cu/beta catalyst can achieve [90 % NOx reduction effi-
ciency under typical diesel application conditions with a temperature between 200
and 300 �C and a Space Velocity (SV) of 30,000 h-1 when it is relatively fresh
(labeled as ‘‘degreened’’ in Fig. 5.3). After being hydrothermally treated at 670 �C
for 16 h in a flow of 4.5 % H2O/air mixture, the catalyst starts to lose its NOx
conversion efficiency at temperatures below 350 �C. Further extending the aging
time to 64 h, which could be considered as the end of useful life of the catalyst
from a hydrothermal durability requirement point of view, the catalyst can barely
reach 90 % NOx conversion. Such an extent of catalyst deactivation is not
acceptable for real-world applications.

Fig. 5.3 NOx conversion
efficiency as a function of
reaction temperature on a Cu/
beta SCR catalyst before and
after hydrothermal aging at
670 �C/4.5 % H2O for 16 and
64 h. SCR reaction
conditions: 350 ppm NO,
350 ppm NH3, 14 % O2,
4.6 % H2O, 5 % CO2,
balanced with N2, at a
SV = 30,000 h-1
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To understand the deactivation trend of the Cu/beta catalyst as a function of
exposure time to the 670 �C/4.5 %H2O hydrothermal aging, SCR activities of the
aged catalysts at 200 �C were measured at a very high space velocity
(SV = 1,00,000 h-1). This would render the overall NOx conversions low enough
for a SCR reaction rate constant (k) to be calculated based on pseudo first-order
kinetics for NO [39]. The results are plotted in Fig. 5.4. The initial 64 h of
hydrothermal exposure causes a rapid deactivation of the catalyst as demonstrated
by a sharp decline in the SCR reaction rate constant. Extending the aging time
beyond 64 h further reduces the activity of the catalyst but at a slower rate.

BET surface area measurement of the aged catalysts shows no reduction of
surface area during the aging, suggesting that the zeolite support maintains its
framework structure. However, a gradual decrease of the zeolite’s crystallinity is
noticeable based on the XRD analysis (see Fig. 5.5). The trend in the loss of
crystallinity, however, does not correlate with that of the SCR activity degradation.
Instead, the NH3 storage capacity of the aged catalysts follows nearly the same
profile as the SCR activity. Since the NH3 storage capacity reported in Fig. 5.5 is
determined by the amount of the NH3 stored on the catalyst that participates in the
SCR reaction, it is believed to be directly correlated to the number of Brønsted acid
sites in the zeolite support [36]. Therefore, the results in Fig. 5.5 clearly demon-
strate that the catalyst degradation after hydrothermal aging under 670 �C/4.5 %
H2O is mainly caused by the loss of acidity of the beta zeolite support through the
dealumination process. The trend in the NH3 storage capacity in Fig. 5.5 also
suggests that the dealumination process occurs in two stages; with a rapid phase in
the initial 64 h of hydrothermal aging, followed thereafter by a gradual phase.

During the initial 64 h of aging, Cu dispersion determined by NO uptake shows
no noticeable change, suggesting that the exchanged Cu sites are less affected [36].
After additional aging hours, however, a gradual decline of Cu dispersion

Fig. 5.4 SCR reaction rate
constant (k) on a Cu/beta
SCR catalyst as a function of
hydrothermal aging time at
670 �C/4.5 % H2O. SCR
reaction conditions: 350 ppm
NO, 350 ppm NH3, 14 % O2,
4.6 % H2O, 5 % CO2,
balanced with N2, at 200 �C
with a SV = 1,00,000 h-1
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following the same trend as the loss of NH3 storage capacity is apparent (Fig. 5.5),
indicating a reduction of exchanged Cu sites.

Comparing the trends between the loss of NH3 storage capacity and the loss
of Cu dispersion, it becomes obvious that, under typical hydrothermal aging
conditions with a temperature of 670 �C, dealumination leading to the loss of
acidity of the zeolite support is the major cause of the catalyst deactivation. At that
temperature, the undesirable Cu/Al2O3 interaction is a much slower process.

In real-world applications, the temperature distribution in an SCR catalyst
component may vary drastically. This can introduce different levels of hydro-
thermal deactivation at different locations of the SCR catalyst. For example, with
the simulated 1,20,000 miles engine-aged SCR catalyst, Cheng et al. found a
significant loss of BET surface area with samples taken from the front section of
the SCR catalyst but nearly no change of surface area with samples from the rear
section [19]. This finding suggests a substantial temperature gradient along the
length of the SCR catalyst. Therefore, a practical Cu/zeolite SCR catalyst has to be
not only hydrothermally stable for a long period of time under normal operating
conditions, but also able to withstand extreme temperatures well above the DPF
regeneration temperature due to occasionally uncontrolled events [40].

5.3.2 Hydrocarbon Storage, Inhibition, and Poisoning

With a porous framework structure and large intra-crystalline surface area, zeolites
can adsorb and store a considerable amount of hydrocarbons (HCs). At low
temperatures, HCs may simply block the active sites for SCR reaction causing an
HC inhibition effect. Such an effect is reversible; the SCR activity recovers once
the HCs are removed from the stream. In addition, the acid sites and redox sites in

Fig. 5.5 Normalized BET surface, XRD crystallinity, NH3 storage capacity, and Cu dispersion
of the Cu/beta SCR catalyst with increasing hydrothermal aging time at 670 �C/4.5 % H2O
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a Cu/zeolite catalyst can further interact with most of the HCs that enter the pores.
At certain temperatures, some HCs may be catalyzed by the acid sites and the
redox sites, leading to polymerization or partial oxidation, and the formation of
carbonaceous deposits on the catalyst. This causes a poisoning effect since a high
temperature exposure is needed to completely remove the deposits to regenerate
the active sites [40, 41].

In a diesel emission control system, a diesel oxidation catalyst (DOC) is
typically placed in front of the SCR component. Under normal operation condi-
tions, the exhaust temperature is high enough that nearly all engine-out HCs can be
completely oxidized by the DOC component. This significantly minimizes the HC
inhibition and poisoning effects on the Cu/zeolite SCR catalyst. However, when
the exhaust temperature is below the HC light-off temperature of the DOC, such as
during extended vehicle idling, substantial amounts of HCs can pass through the
DOC and store on the Cu/zeolite catalyst. The stored HCs will be oxidized and
generate heat on the Cu/zeolite catalyst when the exhaust temperature subse-
quently rises above the ignition temperature. Depending on the amount of HCs
stored on catalyst, this exothermal event can raise the SCR catalyst temperature
high enough to cause severe thermal deactivation [42]. Obviously, minimizing HC
storage on Cu/zeolite catalysts is highly desirable.

5.3.3 Sulfur Poisoning

Because of its high chemical binding strength and the oxidative conditions in the
exhaust stream, sulfur can readily react with Cu in a Cu/zeolite SCR catalyst
forming stable CuSO4-like compounds [6, 43–45]. This sulfur poisoning affects the
redox properties of the Cu sites, severely inhibits NO oxidation and the subsequent
formation of the adsorbed NOx complex, and ultimately decreases the SCR activity
of the catalyst at temperatures below 350 �C. Above this temperature, CuSO4-like
compounds become less stable. Also, the remaining active Cu sites may provide
sufficient redox function for the SCR reaction. As a result, Cu/zeolite catalysts are in
general insensitive to sulfur at temperatures above 350 �C. To completely remove
the sulfur poisoning effect from a Cu/zeolite catalyst, however, the catalyst has to be
exposed to temperatures above 500 �C for CuSO4 to be thermally decomposed. In
practice, achieving those temperatures is not an issue, as the SCR catalyst will
automatically exceed 500 �C during the periodic DPF regeneration events.

5.3.4 Urea and Urea Deposit Related Catalyst Deactivation

Urea, in the form of an aqueous solution, is used as the source of NH3 for NOx
reduction in automotive diesel emission control systems. The solution is injected
in front of the SCR component as fine droplets, which vaporize and are mixed with
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the exhaust gas. In the gas phase, urea decomposes to NH3 and isocyanic acid. The
latter is subsequently hydrolyzed on the SCR catalyst generating a second mole-
cule of NH3. Cu/zeolite SCR catalysts have been found to be extremely active in
catalyzing the hydrolysis reaction of isocyanic acid [13, 46].

When the exhaust temperature is low (\200 �C), heat transfer from gas to urea/
water droplets may not be sufficient to completely evaporate the urea solution,
especially the large droplets. When reaching the SCR catalyst surface, the droplets
may only partially decompose and form deposits on the catalyst, causing catalyst
deactivation [47, 48]. Although the majority of urea-related deposits can be
decomposed once the catalyst temperature is above 350 �C, there is a small portion
of the residue on the catalyst that is stable up to 450 �C. In addition to forming
deposits, urea solution can also chemically react with Cu/zeolite catalysts causing
Cu migration, sintering, and formation of metallic Cu nanoparticles [19]. It also
accelerates dealumination of the zeolite support. All these contribute to irrevers-
ible catalyst deactivation.

To minimize urea solution droplets reaching the SCR catalyst, a mixing device
is added between the urea injector and the SCR component to further break down
the droplets and to facilitate the vaporization process. Engine calibrations to
quickly raise exhaust temperature and thereafter maintain it above a set point are
also critical for the SCR catalyst to achieve and maintain high NOx reduction
efficiency. With all these advanced engineering approaches, SCR catalyst deacti-
vation caused by urea and urea-related deposits is usually less of a concern.

5.3.5 Chemical Poisoning

Chemical poisons from engine lubricant oil, such as Ca, Zn and P, have also been
found to interact with Cu/zeolite SCR catalyst and cause catalyst deactivation
[19, 49]. Since their concentration is very low in the exhaust stream and there are
other catalyst components placed in front of the SCR catalyst which traps a sig-
nificant portion of the chemicals, only a minor amount of lubricant oil derived
chemical poisons will accumulate on the SCR catalysts. In addition, such chemical
poisons tend to deposit on the very front section of the SCR catalysts. Therefore,
adequate catalyst sizing to take this into account can mitigate the impact of
chemical poisons from lubricant oil.

Alkali metals, even at a low level, can severely deactivate Cu/zeolite SCR
catalysts [50]. Once reaching the Cu/zeolite SCR catalyst, the alkali metals may
displace Cu from the exchange sites and lead to the formation of CuO. This
reduces the low temperature activity of the catalyst and causes excessive NH3

oxidation at high temperatures. Alkali metals can come from the impurities of urea
solution or biodiesel fuel. Their levels have to be kept low enough to minimize
their impact on the Cu/zeolite SCR catalysts.

Of all the deactivation modes discussed above, hydrothermal deactivation is the
most challenging technical hurdle. Significant improvement on the hydrothermal
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stability of the acid sites and the exchange sites in a Cu/zeolite catalyst has to be
made for these types of catalysts to be practically useful for automotive
applications.

5.4 Development of Small-Pore Zeolite Supported Cu SCR
Catalysts

The demand for more hydrothermally stable Cu/zeolite SCR catalysts and the
recognition of the limitations of the conventional zeolite supports drove
researchers to evaluate other zeolite materials. In 1992, Ishihara et al. [20, 51]
reported that copper-exchanged SAPO-34, a small-pore silicoaluminophosphate
material having the CHA (8-ring) framework structure, exhibited superior
hydrothermal stability and catalytic activity for the selective catalytic reduction of
NOx with propene, compared to Cu-exchanged beta, USY and ZSM-5. This type
of catalyst was also found to be more hydrothermally stable and active in cata-
lyzing N2O decomposition compared to Cu/ZSM-5 [52–54]. In 2004, Zones et al.
[21] synthesized a high silica chabazite (CHA) with a small particle size and
proposed that it could be used as a support for transition metals, such as Cu, in
catalyzing the selective reduction of NOx in the exhaust of an internal combustion
engine.

Since the HC-SCR reaction on transition-metal exchange zeolite catalysts
involves NH3 formation as an intermediate, which subsequently goes through
NH3-SCR reaction to reduce NOx to N2, it is reasonable to expect that a highly
active and durable HC-SCR catalyst also exhibits excellent NH3-SCR performance
[55–57]. Indeed, Bull et al. [22] reported that catalysts with Cu supported on high
silica chabazite, such as SSZ-13, exhibited good NH3-SCR activity and hydro-
thermal stability. Andersen et al. [23] found that Cu/SAPO-34 showed signifi-
cantly improved hydrothermal stability for NH3-SCR applications. In addition,
Andersen et al. [23] discovered that a wide range of small-pore zeolites could all
significantly improve the hydrothermal stability of the Cu/zeolite catalysts.

Table 5.1 lists a few of the examples reported in the patent application by
Andersen et al. [23]. For clarity, NOx conversions at 250 �C on a series of
Cu/zeolite SCR catalysts before and after different hydrothermal treatments, are
summarized in the table. Data from two sets of hydrothermal aging conditions are
included. The ‘‘750 �C/24 h’’ and ‘‘900 �C/1 h’’ each represents that the catalysts
have been hydrothermally aged in a flow of 4.5 % H2O/air mixture at 750 �C for
24 h or 900 �C for 1 h, respectively. These two conditions are used to assess the
long-term hydrothermal durability and the upper temperature limit of these
catalysts.

Cu/beta and Cu/ZSM-5 are included in Table 5.1 as references. The beta zeolite
is a large-pore zeolite with 12-ring openings and a BEA framework structure.
The ZSM-5 is a medium-pore zeolite with 10-ring openings and an MFI structure.
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Both catalysts show very good SCR activity when they are fresh, but are severely
deactivated after either 750 �C/24 h or 900 �C/1 h hydrothermal aging.

The rest of the catalysts shown in Table 5.1 all consist of small-pore zeolites
with 8-ring openings but a variety of framework structures such as CHA, LEV,
ERI, and DDR. When fresh, all the catalysts exhibit excellent SCR activity
achieving nearly 100 % NOx conversion at 250 �C similar to the Cu/beta and the
Cu/ZSM-5 catalysts. These small-pore zeolite supported Cu SCR catalysts how-
ever, exhibit much higher hydrothermal stability. After 750 �C/24 h or 900 �C/1 h
aging, they still achieve very high NOx conversion efficiency. In fact, no obvious
performance degradation occurs for most of the catalysts.

In Table 5.1, both SSZ-13 and SAPO-34 have the same crystallographic
framework structure, CHA. Their compositions however, are different. SSZ-13 is a
high silica chabazite containing a major amount of SiO2 and a minor amount of
Al2O3, whereas SAPO-34 is a silicoaluminophosphate containing nearly equimolar
amounts of Al2O3 and P2O5, with a small amount of SiO2 substituting some of the
P2O5. Despite their composition differences, the two materials both show excellent
hydrothermal stability and SCR activity, suggesting that the small-pore zeolite
structure is the determining factor that contributes to the improved hydrothermal
stability of this type of Cu SCR catalyst.

To further demonstrate the improved hydrothermal stability of the small-pore
zeolite supported Cu SCR catalyst, the NOx conversion efficiencies in the tem-
perature range from 150 to 550 �C on a Cu/SAPO-34 catalyst, before and after
hydrothermal aging at 670 �C in a flow of 4.5 % H2O/air mixture for 16 and 64 h,

Table 5.1 Examples of small-pore zeolite supported Cu SCR catalysts and their NOx conversion
and N2O yield at 250 �C

Catalysts Zeolite
structure

NOx conversion
at 250 �C (%)

N2O yield
at 250 �C (ppm)

Cu/beta (Fresh) BEA (12-ring) 98 17
Cu/ZSM-5 (Fresh) MFI (10-ring) 98 7
Cu/SAPO-34 (Fresh) CHA (8-ring) 95 1
Cu/Nu-3 (Fresh) LEV (8-ring) 97 1
Cu/beta (750 �C/24 h) BEA (12-ring) 69 16
Cu/SAPO-34 (750 �C/24 h) CHA (8-ring) 99 3
Cu/SSZ-13 (750 �C/24 h) CHA (8-ring) 99 7
Cu/ZSM-34 (750 �C/24 h) ERI (8-ring) 98 3
Cu/beta (900 �C/1 h) BEA (12-ring) 58 22
Cu/ZSM-5 (900 �C/1 h) MFI (10-ring) 28 0
Cu/SAPO-34 (900 �C/1 h) CHA (8-ring) 97 2
Cu/Nu-3 (900 �C/1 h) LEV (8-ring) 98 4
Cu/SSZ-13 (900 �C/1 h) CHA (8-ring) 99 7
Cu/Sigma-1 (900 �C/1 h) DDR (8-ring) 85 4
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are plotted in Fig. 5.6. Almost no change in performance can be seen on the
catalyst after aging. Compared to the similar sets of data generated on a Cu/beta
catalyst (see Fig. 5.3), the improvement in the hydrothermal durability of the
Cu/SAPO-34 catalyst is apparent.

A comprehensive study on the hydrothermal stability of a commercially
available small-pore zeolite supported Cu SCR catalyst, Cu/SSZ-13, was reported
by Schmieg et al. [49]. A series of catalysts were laboratory hydrothermally aged
in the temperature range of 500–950 �C for different periods of time (1–240 h) and
their catalytic functions (NOx conversion, NO and NH3 oxidation, NH3 storage)
and physical properties characterized. Schmieg et al. established that the catalyst
could maintain its SCR performance as long as the hydrothermal aging temperature
(Tthreshold, in �C) and the exposure time (taging, in hour) were below the
‘‘borderline’’:

Tthreshold ¼ �31:91 � lnðtagingÞ þ 935:55 ð1Þ

Accordingly, the formula indicates that the small-pore zeolite supported Cu
SCR catalyst can tolerate a short time (1 h) temperature excursion as high as
935 �C, or nearly 1606 h hydrothermal aging at 700 �C without showing notice-
able SCR performance degradation.

In addition, Schmieg et al. analyzed a vehicle-aged SCR catalyst and found
that, at the end of its useful life (1,35,000 miles vehicle operation), the hydro-
thermal exposure of the SCR catalyst was equivalent to the laboratory hydro-
thermal aging at 800 �C for 16 h. This is below the ‘‘borderline,’’ which predicts
that the catalyst can still maintain its high SCR activity even if it is hydrothermally
aged at 800 �C for 70 h. Clearly, the development of small-pore zeolite supported
Cu SCR catalysts has overcome the hydrothermal stability requirement needed for
real world applications.

The hydrothermal stability and catalytic activity of small-pore zeolite supported
Cu SCR catalysts have also been confirmed by publications from academia.
Besides the small-pore zeolites listed in Table 5.1, several others such as SSZ-16

Fig. 5.6 NOx conversion
efficiency as a function of
reaction temperature on a
Cu/SAPO-34 SCR catalyst
before and after hydrothermal
aging at 670 �C/4.5 % H2O
for 16 and 64 h. SCR reaction
conditions: 350 ppm NO,
350 ppm NH3, 14 % O2,
4.6 % H2O, 5 % CO2,
balanced with N2 at a
SV = 30,000 h-1
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(AFX), SAPO-18 (AEI), SSZ-39 (AEI), [Ga]SSZ-13 (CHA), ZK-5 (KFI), and
STA-7 (SAV) have also been reported to exhibit the same properties [58–63].
In addition, catalysts with Cu being incorporated into the small-pore zeolite matrix
during the zeolite synthesis step, instead of a post ion-exchange step, have also
been found to show excellent SCR activity and hydrothermal stability [63–66].

Another highly desirable feature of the small-pore zeolite supported Cu SCR
catalyst is low N2O formation. As shown in Table 5.1, very low N2O yield (in the
level of a few ppm) is detected on any of the small-pore zeolite supported Cu SCR
catalysts. A slight increase of N2O formation is noticed on the hydrothermally
aged catalysts, but the overall yield is still very low. In contrast, high levels of N2O
are generated over the Cu/beta and Cu/ZSM-5 catalysts. Although the N2O for-
mation mechanism under SCR reaction conditions over Cu/zeolite catalysts is not
well understood at present, it is apparent that the dimension of the openings of the
zeolite framework structure has a strong influence on N2O production. The N2O
yield clearly follows the order of small \ medium \ larger pore zeolites. This
trend matches well with the results reported by Kwak et al. [67, 68]. Because of its
strong greenhouse effect, it is highly desirable to reduce N2O formation in the
diesel exhaust stream. Therefore, the small-pore zeolite supported Cu SCR cata-
lysts offer another benefit with low N2O formation.

The dimension of the openings in a zeolite also regulates which gas molecules
can enter the intra-crystalline pores based on the kinetic diameter of the gas
molecules. With 8-ring openings, the windows of a small-pore zeolite are large
enough to allow small gas molecules such as O2, NOx and NH3 to freely enter the
pores, but are small enough to exclude most of the long chain HCs. For example,
the size of the openings in a CHA zeolite is about 0.38 nm in diameter. It is larger
than the kinetic diameter of O2 (0.35 nm), NO (0.32 nm), NO2 (0.34 nm), or NH3

(0.26 nm) molecules, but smaller than that of any type of aromatic HCs such as
toluene (0.59 nm). Since the kinetic diameter of short chain HCs such as C3H6

(0.45 nm) or C3H8 (0.43 nm) is only slightly larger than the size of the openings in
a CHA zeolite, these gases can access the CHA pores but with restrictions.
Although the kinetic diameter of other straight longer chain HCs is about the same
as that of C3H6 or C3H8, their accessibility to the pores in a CHA zeolite is reduced
significantly with the increase in chain length. As a comparison, the size of the
openings in a beta zeolite is about 0.66–0.72 nm in diameter, and about
0.54–0.56 nm in a ZSM-5. These openings are wide enough to allow many HCs to
enter the pores of the zeolites.

Because of this molecular sieving effect, small-pore zeolite supported Cu SCR
catalysts show different HC tolerance behavior compared to other medium- or
large-pore zeolite supported catalysts. Figure 5.7 compares NOx conversion at
300 �C on a Cu/SAPO-34 and a Cu/beta catalyst before and after addition of three
types of HCs. Before HC addition, both catalysts show nearly 90 % NOx con-
version. When propene (333 ppm C3H6, 1,000 ppm as C1), a short chain HC, is
added into the gas mixture, the NOx conversion on both catalysts drops to *75 %,
showing a HC inhibition effect. When normal-octane (125 ppm n-C8H18,
1,000 ppm as C1), a straight long-chain saturated HC, is injected into the gas
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stream, the NOx conversion on the Cu/beta decreases to *30 %, showing an even
more severe HC inhibition effect. In contrast, no change of NOx conversion is
observed on the Cu/SAPO-34 catalyst. Apparently, n-C8H18 is excluded from
entering the pores of the CHA structure in the SAPO-34 support, hence not
affecting its SCR activity. The same trend holds true when toluene (143 ppm
C7H8, 1,000 ppm as C1), an aromatic HC, is added to the feed. Cleary, small-pore
zeolite supports significantly minimize HC inhibition effects.

A detailed study carried out by Ye et al. [60] on the C3H6 inhibition effect over
Cu/ZSM-5, Cu/SSZ-13, Cu/SAPO-34, and Cu/SAPO-18 SCR catalysts revealed
that the presence of C3H6 only affects the SCR activity of the small-pore zeolite
catalyst at the medium-temperature region (*300–350 �C). These temperatures
are high enough for C3H6 to overcome the steric restriction to enter the pores and
to react with the active sites forming carbonaceous deposits, but not high enough
to achieve complete oxidation. At lower temperatures (\250 �C), although a low
level of propene can still enter the pores, it shows negligible inhibition effects on
the small-pore zeolite catalysts. In contrast, the propene inhibition effect is even
more pronounced at low temperatures on Cu/ZSM-5, probably because of the
higher HC storage on this catalyst.

As large HCs are excluded from entering the pores of small-pore zeolites, HC
condensation and storage on small-pore zeolite supported Cu SCR catalysts is
substantially reduced. Therefore, small-pore zeolite supports offer yet another
advantage by reducing HC storage on the SCR catalyst. This substantially mini-
mizes the risk of large exotherm generation.

Fig. 5.7 NOx conversion efficiency at 300 �C before and after HC addition. SCR reaction
conditions: 350 ppm NO, 350 ppm NH3, 14 % O2, 4.6 % H2O, 5 % CO2, 1,000 ppm C1 (when
added) balanced with N2 at a SV = 30,000 h-1
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Small-pore zeolite supported Cu SCR catalysts still face the challenges of sulfur
poisoning and chemical poisoning that were discussed previously. Studies by
Castagnola et al. [69] and by Tang et al. [70] both show that the new generation
Cu/zeolite catalysts suffer from SCR activity loss at low temperatures after sulfur
exposure. The SCR performance of the catalysts can be fully recovered, however,
once the catalysts are exposed to temperatures above 500 �C. On a vehicle-aged
Cu/SSZ-13 catalyst, mainly in the very front section of the SCR catalyst, Schmieg
et al. [49] detected chemical poisons from lubricant oil, as well as a low level of Pt
volatilized from the upstream DOC component. Although these poisons cause
noticeable SCR activity degradation, the volume of the front section is relatively
small compared to the entire catalyst volume. Therefore, they concluded that the
impact of the chemical poisons to the overall performance of the entire system is
small. Indeed, small-pore zeolite supported Cu SCR catalysts have been suc-
cessfully implemented in the US on both pick-up trucks and heavy duty diesel
vehicles meeting the stringent US EPA 2010 emission regulations. They have also
been commercialized in Europe on light duty diesel passenger vehicles meeting
the EU5 emission standards.

5.5 Investigation on the Superior Hydrothermal Stability
of Small-Pore Zeolite Supported Cu SCR Catalyst

The discovery and the commercialization of small-pore zeolite supported Cu SCR
catalysts raise a fundamental question: why can small-pore zeolites enhance the
hydrothermal stability of the Cu/zeolite catalysts, while medium- and large-pore
zeolites fail?

Small-pore molecular sieve SAPO-34 is known to exhibit exceptional thermal
stability and maintain its crystalline structure up to 1,000 �C [71]. Since the acid/
exchange sites in a SAPO-34 are associated with the Si tetrahedral sites, they are
less susceptible than tetrahedral Al sites to H2O interaction and hence are more
stable to hydrothermal aging [72].

However, catalysts with Cu supported on SSZ-13, a material from the alumi-
nosilicate family, also exhibit good hydrothermal stability. The acid/exchange sites
in an SSZ-13 still originate from the aluminum sites, just like the other alumino-
silicate medium- or large-pore zeolites. Under hydrothermal aging conditions, these
sites are accessible to H2O and are potentially still subject to the dealumination
process and the undesirable Cu/Al2O3 interaction as discussed previously.

Such improved hydrothermal stability is not limited to the CHA structure, as
catalysts with Cu supported on other types of small-pore zeolites all show superior
hydrothermal stability. Apparently, the framework topology of a small-pore zeolite
plays an important role in enhancing the hydrothermal stability of the Cu/zeolite
catalyst.
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Fickel et al. [59] studied the hydrothermal stability of a series of small-pore
zeolite supported Cu catalysts, including Cu/SSZ-13 (CHA), Cu/SAPO-34 (CHA),
Cu/SSZ-16 (AFX), Cu/Sigma-1 (DDR),Cu/Nu-3 (LEV), and a medium-pore zeolite
catalyst Cu/ZSM-5 (MFI). They suggested that, during the dealumination process at
high temperature, Al(OH)3 needs to exit the framework and pore system of a zeolite
to cause structural defects. They estimated the kinetic diameter of Al(OH)3 as
approximately 0.50 nm. This is clearly larger than the pore openings in a small-pore
zeolite, thus aluminum hydroxide cannot exit the pores of the framework. Conse-
quently, the Al(OH)3 stays inside the pore in which the aluminum ion is originally
located. Furthermore they proposed that, when the temperature is low enough, the
dislocated aluminum can reattach back to the framework and maintain the integrity
of the structure and chemical environment. Therefore, they concluded that
the constricting dimensions of the small openings in the small-pore zeolites are the
most prominent reason for the exceptionally high hydrothermal stability of
the small-pore zeolite supported Cu SCR catalysts.

Following this hypothesis, it is reasonable to assume that the undesirable
Cu/Al2O3 interaction at high temperature also involves Cu- and Al-related
moieties migrating out of the pores of the zeolite framework to form stable
CuAl2O4-like compounds. The Cu- and Al-related moieties may be large enough
that they cannot exit the small openings of the framework in a small-pore zeolite ,
while there appears to be no such steric restriction with medium- or large-pore
zeolites. Therefore, the destructive Cu/Al2O3 interaction seen on medium- or
large-pore zeolite supported Cu catalysts is diminished with small-pore zeolite
supported Cu catalysts.

The above theory seems to be supported by our XRD results. Similar to the
experiments described in the previous section, in-situ XRD measurements were
also conducted on a parent SSZ-13 zeolite and a Cu/SSZ-13 catalyst. Plotted in
Fig. 5.8 are the relative intensities of the XRD diffraction peaks (2h–21�) of the
two samples as a function of the temperature when the diffraction patterns are

Fig. 5.8 Relative XRD peak
intensity as a function of
temperature
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recorded. For comparison, similar data at 2h–22.5� from the beta and the Cu/beta
samples discussed previously are also plotted in the figure. Although both the beta
and the SSZ-13 samples used in the study have similar thermal stability, main-
taining their framework structure even after 970 �C exposure, the Cu containing
samples show drastically different thermal stability. The presence of Cu clearly
destabilizes the beta zeolite framework structure at temperatures above 800 �C,
but barely affects the SSZ-13 zeolite framework structure up to 970 �C. This
strongly supports the theory that the small openings in a small-pore zeolite may
prevent the negative Cu/Al2O3 interaction.

In summary, it appears that it is the narrow dimension of the openings in a
small-pore zeolite that hinders the dealumination process and prevents the unde-
sirable Cu/Al2O3 interaction. This in turn results in the improved hydrothermal
stability observed for small-pore zeolite supported Cu SCR catalysts.

5.6 Investigation on the Active Cu Sites in Small-Pore
Zeolite Supported Cu SCR Catalysts

Although the discussions above were mostly focused on the zeolite supports, it
should be pointed out that Cu plays an equally important role in contributing to the
excellent SCR activity of the small-pore zeolite supported Cu catalysts. Studies to
understand the active Cu sites in small-pore zeolites have emerged recently and
almost all of them were based on the CHA type zeolites, SSZ-13, and SAPO-34.

Wang et al. [73] demonstrated that the H+ form of SAPO-34 is inactive for the
SCR reaction. Precipitating CuO on the external surface of the SAPO-34 support
only slightly promotes the SCR reaction but leads to significant NH3 oxidation.
Ion-exchange of Cu into the cages of the SAPO-34 framework however, drasti-
cally enhances the SCR activity. They hypothesized that isolated Cu2+ ions located
at the exchange sites inside the pores of SAPO-34 are the active sites for the SCR
reaction. Subsequently, the same group characterized a series of Cu/SAPO-34
catalysts with a different number of exchange sites and confirmed their theory [74].

Using Rietveld refinement of variable-temperature synchrotron XRD data
obtained on an ion-exchanged Cu/SSZ-13 catalyst, Fickel et al. [58] found that
Cu2+ ions are located in the cages near the double six member rings of the CHA
framework structure, with each Cu2+ ion being coordinated to three oxygen atoms
of the six-member rings. This is further supported by their XAFS data [75]. Since
they did not observe the NO decomposition reaction, which is believed to proceed
on dimeric Cu2+ ions occurring on the Cu/SSZ-13 catalyst, they proposed that the
Cu2+ ions in the Cu/SSZ-13 are isolated and that it is the isolated Cu2+ ions that
contribute to the high SCR activity. Subsequently, an in-situ X-ray Absorption
Fine Structure/X-ray Diffraction (XAFS/XRD) study was performed by Deka et al.
[76] under SCR conditions but in the absence of water. They confirmed that
isolated mononuclear Cu2+ ions located on the plane and slightly distorted from
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the center of the six member rings are the active sites under typical SCR reaction
conditions.

Also using the XAFS technique in combination with density functional theory
(DFT) and first-principles thermodynamics models, McEween et al. [77] charac-
terized a Cu/SSZ-13 catalyst under operando conditions representative of the SCR
of NOx with NH3 in the presence of water vapor. They also detected only isolated
Cu ions. Slightly different from that reported by Fickel et al., they found that each
Cu2+ ion is fourfold coordinated to three lattice O of the zeolite framework and one
H2O ligand. Given that a much lower calcination temperature (200 �C) was used
in the study by McEween et al., the presence of an additional H2O ligand asso-
ciated to the Cu ions is reasonable. In fact, they found that on a fully hydrated
sample, the Cu coordination is indistinguishable from hexa-aqua Cu2+. A very
important finding in the study by McEween et al., however, is that both Cu+ and
Cu2+ coexist on the catalyst under ‘‘standard’’ SCR reaction conditions when there
is no NO2 in the feed. This is clear and direct evidence that Cu is undergoing redox
cycles under SCR reaction conditions. Quantitatively comparing the percentage of
Cu+ versus the SCR reaction kinetics on Cu/SSZ-13, Cu/SAPO-34, and Cu/ZSM-5
catalysts, Kirspersky et al. [78] found that there is no correlation, suggesting that
the Cu+ and Cu2+ redox cycle is not necessarily the rate-determining step on these
catalysts.

This highlights that, as discussed previously, Cu/zeolite SCR catalysts are bi-
functional catalysts. For a good catalyst with high SCR performance and hydro-
thermal durability, both the acid function from the acid sites and the redox function
from the Cu sites need to be well balanced.

5.7 Summary

Compared to the medium- or large-pore zeolite supported Cu catalysts, small-pore
zeolite supported Cu catalysts exhibit superior hydrothermal stability, excellent
SCR activity, and selectivity with very low N2O formation. They are less suscep-
tible to HC inhibition or poisoning. All of these desirable features can be attributed
to the narrow openings in the framework structure of the small-pore zeolites. With
all these improvements, small-pore zeolite supported Cu SCR catalysts have been
successfully commercialized and applied on diesel powered vehicles meeting the
stringent US EPA 2010 or European EU5 emission standards.
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Chapter 6
Low-Temperature Selective Catalytic
Reduction (SCR) of NOx with NH3 Over
Zeolites and Metal Oxide-Based Catalysts
and Recent Developments of H2-SCR

Gongshin Qi, Lifeng Wang and Ralph T. Yang

6.1 Ammonia-SCR

6.1.1 Introduction

The 1990 Clean Air Act amendments require major sources of air emissions to
limit the discharge of nitrogen oxides (NOx). They are a major cause for photo-
chemical smog, acid rain, ozone depletion, and greenhouse effects. NOx is present
in the flue gas emitted from combustion processes. Therefore, cost-effective
methods for controlling NOx are of significant interest. To abate nitrogen oxides,
many methods have been studied, such as fuel-gas treatment, combustion control,
NO decomposition, NO sorption, non-catalytic reduction, selective catalytic
reduction (SCR) with ammonia and hydrocarbon, and NOx trapping/catalytic
reduction. Among these various technologies, the ammonia-SCR has been
considered the most reliable method due to the proved successful implementation,
and several excellent review papers have been published during the past 20 years
[1–6]. Since NOx in lean combustion exhaust is usually composed of more than
90 % NO, the main reaction of SCR of NO with ammonia will be

4NH3 + 4NO + O2 ! 4N2 + 6H2O ð6:1Þ

This reaction indicates a 1:1 stoichiometry for NH3 and NO along with the
consumption of oxygen. The reaction without oxygen is much slower and is not
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applicable for lean exhaust aftertreatment. On the other hand, the reaction rate with
equimolar amounts of NO and NO2 (Reaction 6.2) is much faster than that of
Reaction (6.1) and this reaction will become more important in diesel engine
aftertreatment since SCR catalysts are usually located downstream of diesel oxi-
dation catalysts which can oxidize NO to NO2.

4NH3 þ 2NO þ 2NO2 ! 4N2 þ 6H2O ð6:2Þ

For the automotive industry, in order to meet the stringent regulations, many
efforts have been made to reduce NOx emission by using advanced combustion
technologies, or by using aftertreatment technologies, such as urea-SCR and lean
NOx trap catalysts. Urea-SCR has been considered as the most efficient and reli-
able technology for automobile application. In order to improve fuel economy and
reduce CO2 emission, fuel-efficient diesel and lean-burn gasoline vehicles are
desirable, relative to the traditional gasoline-powered vehicles. Advanced engines
and related technologies have been implemented to reduce NOx from engine
exhaust gas, which have also resulted in lower exhaust temperatures. In addition,
cold start emissions reduction has become critical in light-duty diesel applications
and improved deNOx performance in urban driving or other low load conditions
have been required even for heavy-duty applications.
Questions may be raised as to why a low-temperature (\200 �C) SCR catalyst is
needed for SCR system for vehicle application where urea would be injected
below 200 �C. This would be true for the urea-SCR system, but some alternative
technologies to urea-SCR have emerged recently. For example, FEV, Inc. has
invested significant resources in the development of the so-called solid SCR
technology. The basic principle of the solid SCR is the same as the urea-SCR; the
difference is the source of ammonia. Instead of an aqueous urea solution, the solid
SCR system uses a solid ammonia precursor, known as ammonium carbamate.
Ammonium carbamate can sublimate directly into gaseous ammonia when the
temperature is above 60 �C and the generated ammonia is injected into the exhaust
to react with the NOx. This technology can provide an opportunity to inject
ammonia at a much lower temperature compared to the urea-SCR. Another solid
SCR technology developed by Amminex (a Danish company) uses metal chloride
amines, such as strontium chloride amine, as the ammonia precursor which can
release ammonia at 150 �C. Both solid SCR systems can provide high NOx

reduction efficiencies, even at a low exhaust temperature. As a result, high SCR
activity at low temperature is needed and is crucial for meeting emission regula-
tions and improving fuel economy [7]. In the past, extensive studies on the
development of the advanced low-temperature NH3-SCR catalysts have been
made. Here, Fe, Cu-exchanged zeolite catalysts, and base metal oxide catalysts are
reviewed, and aspects of possible reaction mechanism over different catalysts are
discussed.
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6.1.2 Catalysts and Mechanistic Aspects
of the Low-Temperature Ammonia-SCR

6.1.2.1 Zeolite-Based Catalysts

Fe–Zeolite-based catalysts

The base metals (especially Fe and Cu) exchanged zeolite catalysts have been
extensively studied since the 1990s and several excellent reviews have been
published recently [8, 9]. Among all the zeolite-based catalysts, Fe-ZSM-5 and
Cu-ZSM-5 are the most extensively investigated in the past 20 years. Generally
speaking, Fe-ZSM-5 shows better SCR performance at higher temperatures, while
Cu-ZSM-5 shows better performance at lower temperatures, although its hydro-
thermal durability and sulfur poisoning resistance are relatively poor compared to
the Fe-ZSM-5 catalysts [10]. A variety of ion-exchange methods have been used to
prepare Fe-ZSM-5 catalysts, including ion-exchange method [11, 12, 14], vapor
phase ion-exchange methods [13, 15] and solid-state exchange method [16–19].
However, the preparation of Fe-ZSM-5 has proven to be especially difficult
because the iron (III) compounds can barely penetrate into the pores of ZSM-5 due
to the large hydration cell [9]. Long and Yang [11, 14, 20] successfully synthe-
sized highly active Fe-ZSM-5 by an ion-exchange method using FeCl2 as iron
sources; its activity is much higher than the well-known V2O5/TiO2 catalyst.

Qi and Yang developed a new method for preparing the Fe/ZSM-5 catalyst by
the conventional incipient-wetness impregnation method using NH4-ZSM-5 and
FeCl2 as the iron precursor [21]. The resulting catalyst prepared from FeCl2
yielded significantly higher activities than catalysts prepared by using other
methods or precursors. The results of NO conversions with different catalysts are
shown in Fig. 6.1. At temperatures over 350 �C on 2.5 % Fe/ZSM-5, the NO
conversion reached nearly 90 % and also with a wide temperature window similar

Fig. 6.1 NO conversions on
different catalysts as a
function of temperatures
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to the Fe-ZSM-5 prepared by aqueous ion-exchange method. Compared to the
Fe-ZSM-5 catalyst prepared by aqueous ion-exchange method, the new Fe/ZSM-5
catalyst has superior activities, especially in the lower temperature range. In
comparison, the commercial catalyst 4.4 % V2O5–8.2 % WO3/TiO2 showed
substantially lower activities in NO reduction under the same conditions, and the
NO conversion dropped more rapidly when the temperature was over 450 �C.

Reaction conditions: 40 mg catalyst, 1,000 ppm NO, 1,000 ppm NH3, 2 % O2,
balance He, and GHSV = 5.7 9 105 h-1. (A) Fe-ZSM-5, prepared by ion-
exchange in FeCl2 solution; (B) 4.4 % V2O5–8.2 % WO3/TiO2 prepared by
impregnation; (C) 2.5 % Fe/ZSM-5, prepared by incipient-wetness impregnation
with FeCl2 as precursor [21].

A comparison of several Fe-ZSM-5 catalysts reported in the literature is also
shown in Table 6.1. The rates in Table 6.1 are expressed in terms of TOF number.
The TOF was calculated based on the total number of Fe ions in the zeolites. This
was done in order to have a uniform comparison for rates that were obtained under
different conditions. It is very clear that the catalyst prepared by the impregnation
method is the most active catalyst among the catalysts. Based on the catalytic
activity and characterization results, Qi and Yang [21] concluded that the Fe2+, Fe3+

and highly dispersed iron oxide species may contribute to the high activities. Despite
the extensive research on the chemistry of Fe-ZSM-5, different types of active sites
have been proposed, such as small FexOy(OH)z clusters and oxygen-bridged
binuclear iron species [15, 33–35]; monomeric Fe2+ and Fe3+ ions [20, 24, 36], and
extra-framework Fe–O–Al [37]. Schwidder et al. [24] studied Fe-ZSM-5 catalysts
(0.2–1.2 wt.% Fe) prepared by exchanging Na+ in Na-ZSM-5with Fe2+ for SCR of
NO by isobutane and by NH3. The catalysts were highly active in both reactions
compared to the catalyst prepared by chemical vapor deposition of FeCl3 into
H-ZSM-5. It was concluded that mononuclear Fe ions are active sites for both SCR
reactions, but oligomers (and aggregate surfaces) are more active in NH3-SCR
reaction. The higher SCR reaction rate over Fe-ZSM-5 with oligomers is possibly
due to the high activity for NO oxidation to NO2 since it is believed that NO
oxidation to NO2 is the rate-determining step for ammonia-SCR over Fe-Zeolite-
based catalysts [25–32]. Recently, Brandenberger et al. [38] investigated the

Table 6.1 Comparison of catalytic performance of Fe-ZSM-5 prepared by different methods

Catalysts Fe content
(wt.%)

Temperature
(oC)

NO conversion
(%)

TOF 9 103

(s-1)
Reference

Fe-ZSM-5 3.6 300 89 10.30 [21]
Fe/ZSM-5 2.5 300 65 13.54 [22]
Fe/ZSM-5 1.6 300 25 5.20 [14]
Fe/ZSM-5 1.0 300 35 18.23 [22]
Fe/MFI _ 300 80 12.8 [15]
Fe-ZSM-5 1.7 300 19 11.64 [20]
Fe-ZSM-5 1.7 300 9 5.51 [20]
FesubZSM-

5
3.8 300 70 10.58 [23]
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activities of different iron species in Fe-ZSM-5 for SCR of NO by ammonia. Their
results suggest that the SCR of NO by ammonia is catalyzed by different active sites
with different activation energies. At temperature below 300 �C, the SCR activity
was primarily obtained from monomeric iron sites; however, at T [ 300 �C,
T [ 400 �C, and T [ 500 �C, the contribution of dimeric iron species, oligomeric
species, and partially uncoordinated iron sites in the outmost layer of iron oxide
particles, respectively, become important.

Cu-Zeolite-based catalysts

Cu ion-exchanged ZSM-5 zeolites exhibit high NO decomposition rates and SCR
activities, but ZSM-5 zeolite possesses poor hydrothermal stability due to dealu-
mination and Cu migration. Consequently, other types of zeolites have been
explored for improving the activity and durability of the SCR catalysts.
Cu-exchanged beta zeolite [48, 49] has been shown to have excellent activity with
better hydrothermal stability than ZSM-5 catalysts. Recently, it was reported that
Cu ion-exchanged SSZ-n [50, 51] showed higher NOx conversions over a broad
temperature range with higher N2 selectivity and hydrothermal stability compared
with Cu/ZSM-5 and Cu/beta. Silico-alumino-phosphate (SAPO) zeolites possess
ion-exchange properties as a result of the isomorphous substitution of P in AlPO4

by Si, and SAPO-34, with a small-pore chabazite structure, exhibits extremely
high thermal stability even in the presence of water. Cu ion-exchanged SAPO-34
has been investigated for hydrocarbon-SCR [52] and more recently for NH3-SCR
[53, 54].

Figure 6.2 shows NH3-SCR activity over the hydrothermally pretreated copper-
exchanged small-pore zeolites (Cu-SSZ-13, Cu-SSZ-16 and Cu-SAPO-34) and the
medium-pore Cu-ZSM-5. It can be concluded that after hydrothermal treatment at
750 �C the copper-exchanged small-pore zeolites can still maintain the high SCR
activity, while the activity of Cu-ZSM-5 deteriorates significantly [53]. The
restricting dimension of the small-pores in Cu-SSZ-13, Cu-SSZ-16, and
Cu-SAPO-34 is the most prominent reason for the high hydrothermal stability of
these materials as well as their exceptional NH3-SCR activity [53].

Fig. 6.2 NH3-SCR activity
as a function of temperature
over hydrothermally
pretreated Cu-SSZ-13,
Cu-SAPO-34, Cu-SSZ-16,
and Cu-ZSM-5 [53]
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Reaction mechanism over zeolite-based catalysts

Isotopic experiments on a Ba–Na–Y zeolite catalyst [15] have shown that the
formation of N2 takes one nitrogen atom from NOx and another nitrogen atom
from ammonia. One important reaction for ammonia-SCR over Fe-zeolite is the
NO oxidation to NO2, because the presence of NO2 can significantly improve the
SCR performance, especially at low temperature [25, 39–41]. The reaction rate of
the ammonia-SCR can be described by the following simple power law:

Rate of NO conversion ¼ k½NO�x½NH3�y½O2�z

The reaction order with respect to NO has been measured by many research
groups to be around 1.0 on the Fe-exchanged zeolite with activation energies
ranging between 44 and 61 kJ/mol [25, 42–46]. According to many reports the
reaction order with respect to NH3 is about zero and slightly negative at low
temperatures, which is typical for inhibition of the SCR reaction by NH3 over
Fe-zeolite catalysts, and this inhibition effect was explained by competitive
adsorption of NH3 and NO on the same active sites. Under real application for
diesel aftertreatment, O2 and H2O are present in large excess at 5–10 % by
volume, so their rate dependences can be neglected. Based on the above discus-
sion, the SCR kinetics can be simplified as the rate law as follows:

Rate of NO conversion � k½NO�

The exact reaction mechanism is still under investigation. But in general, it is
believed that in order to reduce NOx efficiently, the catalyst must exhibit dual
active sites; the zeolite support provide acid sites to adsorb ammonia and form
ammonium (NH4

+); the exchanged metal sites oxidize NO to NO2, and NO oxi-
dation to NO2 is the rate-determining step for ammonia-SCR over Fe-zeolite
catalysts. The mechanism of NO oxidation to NO2 over iron was proposed based
on the following equations [23]:

NO + FeIII‘‘O’’! FeIII‘‘O’’� NO ð6:3Þ

FeIII‘‘O’’� NO! FeII þ NO"2 ð6:4Þ

FeII þ 1
2

O2 ! FeIII‘‘O’’ ð6:5Þ

And this proposal suggested that the rate of NO oxidation reaction is controlled
by the NO2 desorption step (Eq. 6.4) and a redox cycle of Fe3+/Fe2+ was also
involved. Figure 6.3 shows an extensively studied and widely accepted mecha-
nism of NOx reduction by ammonia over Fe-ZSM-5 [46, 47]. During the SCR
reaction, gaseous NH3 molecules are adsorbed quickly onto the Bronsted acid sites
to form NH4

+ ions, and NO molecules are oxidized to NO2 over Fe3+ sites by
oxygen. Then one molecule of the formed NO2 diffuses to two adjacent NH4

+ ions
to form an active complex NO2(NH4

+)2. The active complex reacts with one
molecule of NO to produce N2 and H2O, thus completing the catalytic cycle. The
overall reaction is the same as Reaction (6.2).
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6.1.2.2 Metal Oxide-Based Catalysts

Single metal oxide-based catalysts

Many SCR catalysts containing transition metals, such as Fe, Mn, Cr, Cu, have
shown good activities for low-temperature SCR [2, 3, 6, 55–68]. Among these
catalysts, manganese-based oxides have been extensively studied due to their
excellent low-temperature SCR performance. Here, the pure manganese oxides,
manganese-based mixed oxides (composite oxides), and supported manganese
oxide catalysts are reviewed.

Manganese oxides of different crystallinity, oxidation state, and specific surface
area were first investigated by Kapteijn et al. [68]. MnO2 appears to have the
highest activity based on per unit surface area, followed by Mn5O8, Mn2O3, Mn3O4,
and MnO. The specific SCR activity generally increased with the increase the
oxidation state of Mn. Although the activity is higher on MnO2, the N2 selectivity is
lower than that on Mn2O3 [68]. Recently, Tan et al. [69] confirmed that b-MnO2

achieved higher conversion of NO, higher generation rate of N2O per unit surface
area with respect to a-Mn2O3. The higher N2O selectivity over b-MnO2 is due to the
higher activation capability to NH3 molecules caused by a lower Mn–O bond
energy; consequently, there are more adsorbed nitrogen atom species formed,
which reacted with NO to form N2O on b-MnO2. Kang et al. [55] evaluated the
SCR performance over pure MnOx prepared by a precipitation method with various
precipitants such as ammonium carbonate (AC), potassium carbonate (PC), sodium
carbonate (SC), ammonium hydroxide (AH), potassium hydroxide (PH), and
sodium hydroxide (SH). Figure 6.4 shows the catalytic NOx conversions and N2

selectivities of the MnOx catalysts prepared with different precipitants and calcined
at 623 K. The catalysts precipitated with precipitants containing carbonate as anion
showed higher NOx conversions than those prepared with alkali or ammonium
hydroxides, and the former catalysts also showed better N2 selectivities based on
the results shown in Fig. 6.4. The MnOx catalysts prepared with SC have higher
surface area, more Mn4+ species and the higher concentration of surface oxygen,
which is believed to be critical for SCR reactions [55].

The presence of carbonate species may help the adsorption of NH3, which
resulted in the high catalytic activity. The value of the Mn4+/Mn3+ ratio was
considered as a parameter characterizing the intrinsic oxidation properties of metal
oxide catalysts. The oxidation activity increased with the increasing Mn4+/Mn3+

ratio. It can be inferred that the higher SCR activity over the MnOx prepared by SC
is probably due to the higher amount of NO2 produced from NO oxidation. On the

Fig. 6.3 Reaction
mechanism of SCR of NOx

with NH3 over Fe-ZSM-5
[46, 47]
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other hand, the higher surface oxygen concentration was found to be preferable for
SCR reactions over manganese-containing catalysts because higher surface
oxygen concentration facilitates the -NH2 formation [69], and the formed -NH2

species would then react with gas-phase NO or nitrite intermediates on the cata-
lysts surface to form nitrogen and water.

Mixed oxide-based catalysts

Since the pure MnOx catalysts are generally low in surface area and suffer from
sintering, many studies have been conducted in the past to improve the catalyst
surface area, stability, and sulfur/water poison resistance by either adding other
metal oxides to form mixed oxides or using different supports such as TiO2, Al2O3,
SiO2, and zeolites. Long and Yang [70] investigated Fe–Mn-based transition metal
oxides (Fe–Mn, Fe–Mn–Zr and Fe–Mn–Ti) and found nearly 100 % NO con-
version at 100–180 �C for SCR of NO with ammonia at a space velocity of
15000 h-1. The higher activity over the mixed oxides was due to the higher NO
oxidation to NO2. Qi and Yang [62–64, 66] studied the MnOx–CeO2 mixed oxides
and observed that the best MnOx–CeO2 catalyst with a molar Mn/(Mn ? Ce) ratio
of 0.3 yielded nearly 100 % NO conversion at 120 �C at a space velocity of
42,000 h-1 which are shown in Fig. 6.5. The catalytic performance for SCR
reaction over MnOx–CeO2 catalysts prepared by different methods is also shown in
Fig. 6.5. Under a very high space velocity (GHSV = 210,000 h-1), these catalysts
still show high NO conversions, especially the catalysts prepared by citric acid
method. The maximum NO conversion decreased in the sequence of MnOx–CeO2

(CA) [ MnOx–CeO2 (CP) [ MnOx–CeO2 (IM). The order of the surface area for
these catalysts is MnOx–CeO2 (CP) [ MnOx–CeO2 (CA) [ MnOx–CeO2 (IM). As
mentioned above, the MnOx–CeO2 (CA) catalyst showed much higher NO

Fig. 6.4 NOx conversions and N2 selectivities as a function of temperatures over various MnOx

catalysts (see text). All catalysts were calcined at 623 K. Reaction conditions: 500 ppm NO,
500 ppm NH3 and 5 % O2 in N2 with GHSV = 50,000 h-1 [55]
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conversions than MnOx–CeO2 (CP) and MnOx–CeO2 (IM); hence, it seems that
the SCR activity does not correlate with the surface area.

The structure and physicochemical properties of the MnOx–CeO2 mixed oxides
have been studied extensively due to their high oxidation activity [71–75]. Many
researchers have reported that the higher oxidation activity of the MnOx–CeO2

mixed oxides is due to the formation of solid solution and oxygen vacancy upon
combination of Mn and Ce by sol–gel or co-precipitation method based on the
change of the lattice parameters [64, 71–73, 76, 77]. The lattice parameter of ceria
decreases with the addition of Mn, suggesting that Mn3+ ions are incorporated into
the ceria lattice to form a solid solution, since the radius of Mn3+ ion (0.065 nm) is
smaller than that of the Ce4+ ion (0.094 nm) and generates oxygen vacancies due
to charge compensation. The higher NO oxidation activity is not a result of the
higher surface area of the mixed oxides, but due to the formation of the active
oxygen upon the incorporation of Mn into the CeO2 lattice, which readily converts
the adsorbed NO to form NO2. Oxygen species such as O2

- (superoxide) and
O2

2- (peroxide) can be formed by adsorbing O2 at the anion vacancy (h) through
the following Reactions (6.6) and (6.7) [76], and the oxygen species reacts with
NO readily to form NO2, then facilitates the overall SCR reaction at low tem-
perature through fast SCR (i.e., Reaction 6.2).

Ce3þ�h�Mn n�1ð Þþ þ O2 ! Ce4þ-O�2 -Mn n�1ð Þþ ð6:6Þ

Ce4þ�O�2 -Mn n�1ð Þþ ! Ce4þ-O2�
2 -Mnnþ ð6:7Þ

Many other transition metals were added to further improve the low-temperature
SCR performance on MnOx–CeO2 mixed oxides. Qi and Yang [66] found that the
addition of Fe and Zr increased the low-temperature activity and N2 selectivity as
well as the resistance to water and SO2 poisoning. Casapu et al. [75] reported that by

Fig. 6.5 Right NO conversion on MnOx–CeO2 mixed oxide catalysts with different Mn/Ce mole
ratios. Reaction conditions: [NO] = [NH3] = 1,000 ppm, [O2] = 2 %, GHSV = 42,000 h-1;
left NO conversion on MnOx–CeO2 mixed oxide catalysts prepared by different methods.
Reaction conditions: [NO] = [NH3] = 1,000 ppm, [O2] = 2 %, He balance, 0.2 g catalyst, total
flow rate = 500 ml/min, GHSV = 210,000 h-1. CA: Citric acid method; CP: Coprecipitation
method; IM: Impregnation by incipient wetness [64]
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doping the MnOx–CeO2 catalyst with niobium oxides, a significant improvement of
the SCR performance was achieved. The acidity and the strength of NH3 adsorption
on the catalyst surface were remarkably enhanced due to the addition of niobium.
Besides, it was shown that the formation of MnNb2O6 decreased the oxidation
activity of manganese species; as a consequence, the unselective NH3 oxidation is
avoided at high temperature [75].

Other than MnOx–CeO2 mixed oxides, Cu-Mn [78] and Cr–Mn mixed oxides
[79] have also been studied for low-temperature SCR of NO with ammonia. Similar
to MnOx–CeO2 mixed oxides, the mixed oxides have higher SCR activities than
that of the single oxides; the mole ratio of the Mn and the doped metal, calcination
temperature, and preparation methods are very important to the structure, disper-
sion of Mn, and the SCR activity. Although the manganese-based mixed oxides as
low-temperature SCR catalysts have been studied extensively, the mechanism of
the effect of the doped metals on the electronic dispersion and the crystal structure
of Mn is still under investigation. Ding et al. [16] further developed a chain of
reactions to explain this synergistic effect, and suggested a mechanism via a process
of oxygen activation and oxygen transfer through the redox cycles of Mn4+/Mn3+

and Ce4+/Ce3+, briefly explained as follows [66, 80, 81]. The oxygen transfers from
molecular oxygen to active sites active sites of MnO2 through an oxygen reservoir,
CeO2, leading to effective activation of molecular oxygen in the feed stream.
Normally, the adsorbed oxygen on manganese would be expected to participate in
the oxidation reaction. Additional oxygen generated may be more active and easier
to access.

Supported metal oxides based catalysts

Among the catalysts studied for low-temperature SCR of NOx with ammonia,
transition metal oxides, such as MnOx, CrOx, CuO, V2O5, MoO3, Fe2O3, supported
on TiO2, Al2O3, SiO2, active carbon, and zeolite have been studied extensively. The
Shell company has developed V2O5/TiO2-based catalyst operated in the tempera-
ture range of 140–250 �C and can provide over 90 % NOx conversion. The excellent
low-temperature performance is attributed to the better reactor design and improved
catalysts formulation with dopant such as Fe, Mo, and Co [82]. Wong and Nobe [83]
reported various transition metal oxides supported on TiO2 and Al2O3, SiO2 for the
SCR of NO with ammonia and concluded that metal oxides supported on TiO2 are
more active. The V2O5 catalysts supported on TiO2–SiO2–MoO3 (TSM) prepared
by the co-precipitation method were investigated for low-temperature SCR of NO
with ammonia by Kobayashi et al. [84]. The V2O5/TSM catalyst with 7–13 wt.%
SiO2 was found to possess a superior SCR activity and a good sulfur tolerance at low
temperatures. The effect of V2O5 loading on the NO conversion was examined over
the V2O5/TSM catalysts. As shown in Fig. 6.6, NO conversion increases signifi-
cantly with the V2O5 loading, especially at low temperatures (\250 �C) and shows a
maximum around a loading of 8 wt.%. The presence of highly active polymeric
vanadates formed by the incorporation of MoO3 to TiO2–SiO2 and superior redox
properties seems to increase the SCR activity; and the lower SO2 oxidation to SO3

activity leads to a remarkable improvement in sulfur tolerance at low temperatures.
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The formation of N2O is still a problem with V2O5/TiO2 catalysts. It was reported
that N2O generation over V2O5/TiO2 catalysts at low temperature was due to the
formation of surface V-ON species that came from partial oxidation of adsorbed
ammonia species with NO ? O2; N2O could form when these active sites were
close enough, so the high active site density caused by increasing in vanadium
loading would enhance the formation of N2O [85].

Manganese oxide supported catalysts have been examined by many researchers.
Singoredjo and Moulijn [86] reported alumina-supported manganese oxides
exhibited a high and selective activity for the low-temperature ammonia-SCR of
NO. Acetate and nitrate were used as the precursor for manganese. Based on their
study, the manganese acetate resulted in a better dispersion of manganese oxide on
the alumina support and hence a higher specific catalytic activity than manganese
nitrate as precursor. A same trend was observed on the TiO2-supported manganese
oxide catalysts [87] and the activity of the MnO/TiO2 catalyst could be adjusted by
doping other transition metals such as Fe, Ni, Cu, and Ce [65, 67, 88]. Low-
temperature ammonia-SCR on the oxides of V, Cr, Mn, Fe, Co, Ni, and Cu
supported on anatase TiO2 have been studied [89]. The catalytic performance on
these transition metal oxides supported on TiO2 decreased in the following order:
Mn [ Cu [ Cr [ Co [ Fe [ V [ Ni. There was no conversion when TiO2 was
used as a catalyst for SCR of NO. Therefore, Mn species must play a significant
role in this catalytic reaction. Figure 6.7 shows the results of different MnOx/TiO2

for SCR of NO by ammonia as a function of manganese loading. It is clear that the
addition of manganese on TiO2 caused enhancement of the catalytic activity.
Increasing manganese loading increased NO conversion until the manganese
loading reached 10 %. After this level, a further increase in manganese loading did
not increase the activity. The N2 product selectivities as functions of the tem-
perature for these catalysts are also shown in Fig. 6.7. The effect of loading on the
selectivity was quite significant. The higher the loading, the more the N2O formed.
With increasing temperature the selectivity decreased considerably for all samples.
To reduce sintering of manganese oxide, a series of transition metals (Fe, Cu, Ni
Cr) were added to the Mn/TiO2 catalyst, and the activity and the characterization

Fig. 6.6 SCR activity of
V2O5/TSM with V2O5

loadings of 0 (e), 2 (h), 4
(4), 8 (s) and 12 wt.% (9).
SiO2 contents are all 7 wt.%.
Reaction conditions:
200 ppm NO, 200 ppm NH3,
10 % O2, 10 % H2O, N2

balance, SV = 11,000 h-1

[84]
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of the catalysts were investigated. With the addition of transition metal, the
activity of the catalysts increased greatly and the Fe had the most favorable effect
on the activity. A model (Fig. 6.8) had been proposed to interpret the effect of the
transition metals on the activity of MnOx/TiO2. From the model, the behavior of
transition metals was simulated. The addition of transition metals could segregate
the particles of manganese oxides and titania. And the particles were prevented
from sintering so that the manganese oxides were kept in amorphous phase;
therefore, the catalytic activity was significantly improved.

Recently, Nam et al. [90] reported that an Mn–Fe/ZSM-5 prepared by
impregnation method demonstrated excellent low-temperature SCR activities and
N2 selectivity. The well-dispersed MnO2 and the high NH3 adsorption capacity of
the Mn–Fe/ZSM-5 catalyst have been identified as the primary reasons for its high
deNOx activity for ammonia-SCR. The increased dispersion of MnO2 upon the
addition of Fe has been confirmed by the TEM image shown in Fig. 6.9. The dark
colored particles showing MnO2 and the bright ones are ZSM-5 support. Large
particles of MnO2 are localized on the surface of Mn/ZSM-5, whereas small ones
are well dispersed on the surface of the Mn–Fe/ZSM-5 catalyst.

The manganese-based catalysts have been demonstrated to have good low-
temperature activity for ammonia-SCR; however, these catalysts are prone to be
easily deactivated by SO2 present in the exhaust gas. Development of the highly
active catalysts with sulfur tolerance at low temperatures is still a challenge. Qi
and Yang [64, 66] studied the sulfur effect on the low-temperature SCR over
MnOx–CeO2 mixed oxides and found that, when 100 ppm SO2 and 2.5 % H2O
were added at 150 �C the conversion of NO decreased 15 % in 3 h. After adding
Pr or Fe into the mixed oxides, the conversion of NO decreased less than 5 % in
the same conditions. Casapu et al. [91] conducted the effect of SO2 and H2O on the
MnOx–CeO2-based monolithic catalysts and indicated that irreversible loss of the
low-temperature SCR activity was observed. However, the SO2 tolerance was
increased by adding Fe, V to Mn-based catalysts monolithic catalysts, although the
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Fig. 6.7 NO conversion (right) and N2 selectivity (left) on the MnOx/TiO2 catalysts with various
MN loadings. Reaction conditions: [NO] = [NH3] = 1,000 ppm, [O2] = 2 %, He balance, total
flow rate 100 ml/min, catalyst 0.25 g [65]
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low-temperature NO conversion decreased [60]. Yu et al. [92] investigated the
sulfur poisoning resistance on mesoporous MnO2–Fe2O3–CeO2–TiO2 (MFCT)
prepared with sol–gel method and impregnated MnO2–Fe2O3–CeO2–TiO2 (IMP-
MFCT) catalysts for low-temperature SCR. Comparing with the IMP–MFCT
catalyst, the MFCT catalyst exhibited better SCR performance, higher N2 selec-
tivity and SO2 tolerance. Figure 6.10 shows a 60-h test result of SCR of NO with

Fig. 6.8 A model for a Mn/TiO2 and b metal-Mn/TiO2 before and after calcination [88]

Fig. 6.9 TEM images of the Mn(20)/ZSM-5 (a) and, Mn(20)–Fe(10)/ZSM-5, (b) catalysts [90]
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ammonia on the MFCT catalyst in the presence of 300 ppm SO2 at 240 �C with a
NH3/NO ratio = 0.8 and clearly a nearly 80 % of NO conversion was reached and
maintained during the 60 h test. The high SO2 tolerance was due to the lower
decomposition of ammonium sulfate and almost no metal sulfates formation on
this catalyst based on the characterization of the catalyst.

Reaction mechanism over metal oxides-based catalysts for ammonia-SCR of
NOx

The mechanism of surface reaction of NOx on metal oxides catalysts has been
studied extensively [1]. Different hypotheses have been proposed for the mecha-
nism including the reaction between ammonium ion and adsorbed NO2; the reaction
between an amide and gaseous NO; and the reaction between coordinated ammonia
and a species generated by spillover of NO on the support. Kijlstra et al. [93] studied
the mechanism of SCR of NO with ammonia at low temperatures on MnOx/Al2O3

catalyst. They proposed that the reaction starts with the adsorption of NH3 on Lewis
acid and subsequently transforms into NH2; the NH2 would then react with gas
phase NO (an E–R mechanism) and nitrite intermediates on the surface (an L–H
mechanism). Similar to the mechanism proposed by Kijlstra et al., Qi and Yang [62]
proposed the following reaction pathway over MnOx–CeO2 catalyst:

1=2 O2 gð Þ ! O að Þ

2NH3 gð Þ ! 2NH3 að Þ

NH3 að Þ þ O að Þ ! NH2 að Þ þ OH að Þ

NO gð Þ þ O að Þ ! NO2 að Þ

NH2 að Þ þ NO gð Þ ! NH2NO að Þ ! N2 gð Þ þ H2O gð Þ

NH3ðaÞ þ NO2ðaÞ ! N2 þ H2Oþ OHðaÞ

2 OH að Þ ! H2Oþ O að Þ

Fig. 6.10 Stability of a 60-h
test for SO2-poisoning
resistance of Mn–Fe–Ce–
TiO2 (MFCT) catalyst
prepared with sol–gel
method. (SO2: 300 ppm, NO;
600 ppm, NH3/NO = 0.8,
O2: 2 %, N2: balance gas,
temperature: 240 �C, GHSV:
24000 h-1)
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In the SCR reaction, gaseous NH3 molecules are first adsorbed on the catalyst to
form coordinated NH3 and NH2. NO molecules are also adsorbed on the catalyst
and then oxidized to nitrate and nitrite. The reaction of NH2 and NO, and then
formation of nitrosamine (NH2NO) is a typical SCR mechanism reported for
V2O5/TiO2 and manganese based catalysts. The NH2NO decomposes to give N2

and H2O. At high temperatures, N2O was produced by the reaction between NH3

and nitrate. Marban et al. [94] proposed an SCR reaction mechanism shown in
Fig. 6.11, for carbon supported Mn3O4 catalysts, which consists of the following
steps; (1) NH3 adsorption on the oxygen atoms to form the aminooxy group,
(2) NO adsorption as nitrosyls on the oxygen vacancies and then oxidized to NO2,
(3) the reaction between aminooxy with NO2 to form N2 and water.

Recently, the redox mechanism of the ammonia-SCR at low temperature over a
commercial V2O5–WO3/TiO2 catalyst was investigated by Tronconi et al. [95]. A
unifying redox approach is proposed, in which vanadium sites are reduced by the
reaction between NO and NH3 and are reoxidized either by oxygen (standard SCR)
or by nitrates (fast SCR), with the latter formed via NO2 disproportionation [95]
and the reaction scheme is shown in Fig. 6.12.

6.2 H2-SCR

6.2.1 Introduction

It has long been known that NO is reduced by H2 in low concentrations of O2, which
is one of the main reactions taking place in three-way catalytic converters for
gasoline engines (i.e., air/fuel *14.7, O2 *0.5 %) [96]. All noble metals have

Fig. 6.11 Mechanism of the steady-state ammonia-SCR reaction in the presence of oxygen over
carbon supported manganese oxide catalysts [94]
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been investigated for the H2–NO reaction. Studies on H2–SCR of NO in excess O2

(i.e., approximately[2 % O2) are relatively few and recent, beginning in the mid-
1990s. Recently, hydrogen has been used in an effort to regenerate NOx traps as well
as for possible application in low-temperature SCR. The few studies were focused
on supported Pt and Pd. The main reactions taking place in the NO/H2/O2 system are

2NOþ 4H2 þ O2 ! N2 þ 4H2O ð6:8Þ

2NOþ 3H2 þ O2 ! N2Oþ 3H2O ð6:9Þ

O2 þ 2H2 ! 2H2O ð6:10Þ

Thus, a desirable catalyst would have high activities for Reaction (6.8) and
minimized activities for the other two reactions particularly, Reaction (6.10).
Excess H2 (H2/NO � 2) is typically needed. The mechanism of the H2-SCR
reaction is far less understood than that for NH3-SCR. In this part, we will sum-
marize the main catalysts that have been investigated for H2-SCR.

Fig. 6.12 Redox cycles of
the standard and fast
reactions over V2O5–WO3/
TiO2 catalysts. V = O and
V–OH are oxidized and
reduced vanadium sites,
respectively. S = O is a
nonreducible oxidation site
[95]
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6.2.2 Catalysts and Mechanistic Aspects of H2-SCR

6.2.2.1 Pt/SiO2, Pt/Al2O3, and Pt on Other Metal-Oxide Supports

Pt/SiO2 and Pt/Al2O3 are two of the most studied catalysts for H2 SCR reaction.
Burch and Coleman reported that 1 % Pt/Al2O3 and 1 % Pt/SiO2 catalysts were
active for NO reduction with H2 in the presence of excess oxygen at low tem-
peratures. The SiO2 supported catalyst was found to be more active at lower
temperatures than the Al2O3 supported catalyst. 50 and 75 % NO conversions were
respectively obtained over Pt/Al2O3 catalyst at 140 �C and over Pt/SiO2 catalyst at
90 �C (at 2,000 ml min-1 g-1 catalyst). The selectivity for N2O was significantly
increased at low temperatures and in the presence of water [97].

The good activities of Pt/SiO2 and Pt/Al2O3 at low temperatures were also
confirmed by Machida et al., who investigated the selective NOx–H2 reaction over
Pt catalysts supported on various metal oxides, including TiO2, ZrO2, SiO2, Al2O3,
CeO2, and their composites. Their results showed that Pt/SiO2 and Pt/Al2O3 had
much higher activities at low temperatures than other supported catalysts, i.e.,
91.9 % NO conversion for Pt/Al2O3 at 80 �C and 84.2 % conversion for Pt/Al2O3

at 70 �C (Table 6.2). It is worth noting that the selectivities for N2 and N2O varied
among different supports, indicating the selectivities were influenced by the oxide
supports. The selectivities for N2O were 64.5 % over Pt/SiO2 and 59.8 % over
Pt/Al2O3 [98].

Table 6.2 NO conversion and selectivity of supported Pt catalysts [98]

Support Surface area (m2 g-1) Temperaturea (�C) No conversion (%) Selectivity (%)

N2 N2O

TiO2 58.2 90 13.6 – –
ZrO2 85.5 110 71.6 57.4 42.6
SnO2 37.6 125 41.3 52.6 47.4
CeO2 64.6 150 18.5 – –
SiO2 201.5 70 84.2 35.5 64.5
Al2O3 160.5 80 91.9 40.2 59.8
TiO2–ZrO2 207.3 90 88.8 53.2 46.8
SnO2–TiO2 53.6 110 9.5 – –
SnO2–ZrO2 51.8 80 68.7 40.8 59.2
CeO2–TiO2 73.1 130 42.2 41.1 58.9
CeO2–ZrO2 62.2 140 35.7 50.7 40.3
ZrO2–Al2O3 208.8 90 87.2 36 64
TiO2–SiO2 285.5 70 66.6 30.3 69.7
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6.2.2.2 Promoter (e.g., Na, Mo) Modified Pt/SiO2 and Pt/Al2O3

Catalysts

To lower the selectivity to by-product N2O on Pt/SiO2, Yokota et al. introduced Na
and Mo to Pt/SiO2. A wider temperature window for NOx conversion and a lower
N2O selectivity were achieved on the improved catalyst, Pt–Mo–Na/SiO2 [99].
The promoter effects of Mo and Na were further studied by Burch and Coleman in
their MoO3- and Na2O-modified Pt/Al2O3 and Pt/SiO2 catalysts under lean con-
ditions at temperatures representative of automotive ‘‘cold-start’’ conditions
(\200 �C) [100]. The activity and N2 selectivity of the modified catalysts were
significantly increased. Steady-state isotopic-transient kinetic experiments showed
the presence of high surface concentrations of N2 precursors over the modified
Pt/Al2O3 and Pt/SiO2 catalysts. Attention should be paid to the amount of Na,
however. It is found that small loadings of Na significantly increased the NO
conversion, while large loadings of sodium poisoned the catalyst. Also, deacti-
vation by SO2 on the Na-promoted catalysts needs to be studied.

6.2.2.3 Pt/Mesoporous Silica

Besides the silica support aforementioned, another type of silica–mesoporous
silica, with ordered pore structure and large surface area, was recently studied as Pt
catalyst support. Wu et al. studied the H2-SCR activities of Pt/Si-MCM-41 and Pt/
Al-MCM-41 and found that the introduction of Al species to MCM-41 greatly
promoted the H2-SCR performance of Pt/MCM-41 [101]. The Pt/Al-MCM-41
with a Si/Al ratio of 10 exhibited 80 % NOx conversion as well as 85 % N2

selectivity at 140 �C (GHSV = 80,000 h-1). In-situ DRIFT spectra showed that
Brønsted acid sites on Al-MCM-41 changed the H2-SCR reaction pathway and the
NH4

+ species adsorbed on acid sites were the key intermediates for N2 production.

6.2.2.4 Pt/Zeolites

Shibata et al. studied the effects of supports on the H2-SCR activity and N2 selectivity
over Pt catalysts supported on various zeolites (MOR, MFI, BEA, Y) and nonzeolitic
metal oxides (SiO2, Al2O3, MgO) [102]. It was found that the acid strength of the
supports was a determining factor for N2 selectivity. High N2 selectivity was
achieved on Pt/zeolites, particularly Pt/MFI. A bifunctional mechanism was pro-
posed: the formation of the NH4

+ intermediate on Pt through the NO reaction with H2

and the highly SCR of NO by ammonia on the acid sites of the supports that produces
N2 (Fig. 6.13). The acid sites on zeolites store the ammonia intermediate for the
selective reaction through NO and NH4

+, leading to the selective formation of N2.
Yokota et al. studied the effects of supports on the catalytic performance of Pt

catalysts in NO reduction with H2 and CO in the presence of excess oxygen [99].
They found that activities of Pt catalysts on different supports followed the order:
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ZSM-5 * mordenite [ SiO2 [ Al2O3. Yokota et al. also found that the Pt/zeolite
catalyst had a high activity with an N2 selectivity of 50 %.

The promoter effect on Pt/zeolite was also investigated by Machida et al. by
adding alkali or alkaline-earth metals (Na, K, Cs, Mg, Ca, Ba) to Pt/ZSM-5 [103].
The addition of Na to Pt/ZSM-5 can improve the N2 selectivity in the low-
temperature NO–H2 reaction in excess O2. The adsorption of NO as NO2

-, an
intermediate to yield N2, was significantly increased on the Pt–Na-ZSM-5 catalyst.

6.2.2.5 Pd/TiO2

Ueda et al. investigated NO–H2 reaction on Pt- and Pd-based catalysts in the
presence of oxygen and moisture [104]. They were the first group to report two
temperature peaks for Pd catalysts. Two conversion maxima at 373 and 573 K
were observed for the supported Pd catalysts. Pd/TiO2 demonstrated the highest
conversion at 573 K among the catalysts tested (Fig. 6.14). Comparison of the
rates on Pd/TiO2 and Pt/Al2O3 for the competing reactions (Reactions (6.8–6.10))
disclosed a switch in the reaction pathways: direct reduction of NO by H2 at
approximately 373 K and reduction of in situ generated NO2 by H2 at approxi-
mately 573 K, which led to the appearance of two conversion maxima.

6.2.2.6 Pd/Ti–PILC

The catalytic reduction of NOx with H2 and CO in the presence of excess oxygen
was studied over Pd supported on several pillared clays (PILCs) by Qi et al. [105].

Fig. 6.13 Proposed mechanism of SCR by H2 over Pt catalysts [102]
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The Pd/Ti–PILC catalyst showed high NO conversions and 90 % selectivities to
N2 at 140 �C at GHSV = 120,000 h-1. While the N2 selectivity over Pd/TiO2/
Al2O3 catalyst was only 50 % under the same conditions. In contrast to the poi-
soning influence of CO on Pt-based catalysts, the mixed H2/CO feed gas signifi-
cantly improved the performance of NOx reduction over Pd/Ti–PILC catalyst.

6.2.2.7 Pt/TiO2–ZrO2

Machida et al. compared a series of Pt catalysts supported on metal oxides and
their binary mixtures and found that Pt supported on TiO2–ZrO2 was highly active
at low temperatures (Table 6.2) [98]. They studied the effect of H2 concentration
on the performance of 1 wt.% Pt/TiO2–ZrO2 catalyst in a stream of NO
(0.08 vol.%)–H2 (0.08–0.56 vol.%)–O2 (10 vol.%) at temperatures lower than
100 �C (w/f = 0.24 g s cm-3). They found that the NO conversion to N2/N2O
began at [0.08 vol.% H2. N2 selectivity increased with H2 concentration. The
catalyst pretreatment is the crucial step for its performance of NO reduction; 89 %
NO conversion at 90 �C was obtained on the catalyst pre-reduced in H2, while a
lower conversion of 50 % at 175 �C was obtained on the catalyst treated in O2.

6.2.2.8 Pt/MgO–CeO2

Costa and Efstathiou studied the activities of Pt supported on a series of metal
oxides (La2O3, MgO, Y2O3, CaO, CeO2, TiO2, SiO2, and MgO–CeO2) [106]. It
was found that the 0.1 wt.% Pt/MgO–CeO2 showed high NO conversions

Fig. 6.14 Conversion of NO
into N2 ? N2O as a function
of reaction temperature in the
reduction of NO by H2 over
Pd and Pt catalysts. (s)
Pd/Al2O3; (4) Pd/TiO2; (d)
Pt/Al2O3; (m) Pt/TiO2. The
loading amount of Pd or Pt
was 1 wt.%. Reaction gas:
1,000 ppm NO, 3,000 ppm
H2, 5 vol.% O2, 10 vol.%
H2O in He background at a
space velocity of
20,000 h-1 ml g-catalyst-1

[104]
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(70–95 %) and N2 selectivities (80–85 %) in the range of 100–200 �C with a feed
stream containing 0.25 % NO, 1 % H2, 5 % O2, and He as balance at
GHSV = 3.3 9 104 h-1. In the presence of 5 % H2O and 25–40 ppm SO2, Pt/
MgO–CeO2 still showed [80 % N2 selectivity. The higher N2 selectivity observed
on Pt/MgO–CeO2 was attributed to the lower rate of H2 combustion (1 % H2/5 %
O2/He) on Pt/MgO–CeO2 than that on Pt/g–Al2O3 and Pt/SiO2. Hydrogen-assisted
NO dissociation was considered to play an important role in the reaction [107].

6.2.2.9 Pt/La0.5Ce0.5MnO3 and Pt/La0.7Sr0.2Ce0.1FeO3

Costa et al. also investigated 0.1 wt.% Pt supported on La0.5Ce0.5MnO3 under
lean-burn conditions in the range of 100–400 �C [108]. A 74 % NO conversion at
140 �C was observed on Pt/La0.5Ce0.5MnO3 and a 66 % conversion at 125 �C was
observed on the Pt/Al2O3 catalyst at a high GHSV of 80,000 h-1. Pt/
La0.5Ce0.5MnO3 showed very high N2 selectivities (80–90 %) in the range of
100–200 �C. As shown in Fig. 6.15, a hydrogen-assisted NO dissociation step and
a nitrogen-assisted mechanism for N2 and N2O formation were proposed to explain
the transient experiments. Similarly, a high 83 % NO conversion and a 93 % N2

selectivity were observed on a 0.1 wt.% Pt/La0.7Sr0.2Ce0.1FeO3 at 150 �C [109]. In
comparison, the Pt/SiO2 catalyst only showed an 82 % NO conversion and a 65 %
N2 selectivity at 120 �C. The good performance of these catalysts was attributed to
the presence of oxygen vacancies on the support surface adjacent to small plati-
num clusters.

6.2.2.10 Pd/TiO2/Al2O3

Macleod and Lambert studied NOx reduction with H2 + CO under oxygen-rich
conditions over Pd/TiO2/Al2O3 catalyst [110]. This catalyst was found to be

Fig. 6.15 a H-assisted NO desorption and dissociation mechanism and b N-assisted reduction
mechanism of NO to N2 and N2O on the 0.1 wt.% Pt/La0.5Ce0.5MnO3 catalyst [108]
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capable of more than 90 % conversion of NO (at a reciprocal weight time velocity
of w/f = 0.03 g s cm-3) at temperatures of 140–180 �C. The N2 selectivities were
higher than 70 %, while the maximum NOx conversion was only 50 % at 140 �C
over Pd/Al2O3 (Fig. 6.16). It is apparent that TiO2 played a key role in the good
performance of Pd/TiO2/Al2O3 catalyst for NOx reduction under oxygen-rich
conditions. The oxygen vacancy generation in the TiO2 component was proposed
as one possible reason.

Fig. 6.16 Total NOx

reduction versus temperature
for 0.5 wt.% Pd/TiO2/Al2O3

and 0.5 wt.% Pd/Al2O3. Feed
contains 3,000 ppm H2,
1,000 ppm CO, 500 ppm NO,
and 5 % O2 [110]

Fig. 6.17 NO conversion as
a function of temperature
over various catalysts.
Reaction conditions: 0.1 g
catalyst, total flow
rate = 200 ml/min,
[NO] = 500 ppm,
[O2] = 5 %,
[H2] = 4,000 ppm,
He = balance [111]
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6.2.2.11 1 % Pd–5 % V2O5/TiO2–Al2O3

It is noted NOx conversion over Pd/TiO2/Al2O3 catalyst was reduced to below
60 % at temperatures higher than 175 �C. However, a wider operating temperature
window is required for a diesel engine exhaust stream. To meet this requirement, a
1 % Pd/5 % V2O5/TiO2/Al2O3 catalyst was developed by Qi et al. [111]. As
shown in Fig. 6.17, Qi et al. achieved a high steady-state conversion of NO
([80 %) and selectivity toward N2 ([80 %) at reaction temperatures in the range
140–250 �C over 1 % Pd–5 % V2O5/TiO2–Al2O3 catalyst. The addition of V2O5

to the initial 1 % Pd/TiO2/Al2O3 catalyst effectively increased the NO conversion,
especially at the temperatures around 200 �C. FTIR results further revealed that a
significant amount of NH4

+ was formed at temperatures above 200 �C over the
V2O5-containing catalyst, as compared to negligible NH4

+ observed on the V2O5-
free catalyst. The more reactive NH4

+ than NH3 explained the higher activity of
the 1 % Pd–5 % V2O5/TiO2–Al2O3 catalyst in the SCR reaction.

6.3 Challenges and Prospective

The low-temperature catalyst for SCR of NOx from diesel engine is the key to
meeting the ever-tightening emission standard, since the normal exhaust gas
temperature from a diesel engine ranging from 100–250 �C for the light duty to
200–350 �C for heavy duty engines is much lower that from a gasoline engine.
Although the Cu–SSZ–13 and Cu–SAPO–34 have received extensive attention
recently due to the excellent low temperature activity and high thermal durability,
the demand for new catalysts with enhanced low-temperature performance is
expected to remain since the diesel engine exhaust gas temperature continues to
decrease when the advanced combustion technology is implemented. In addition,
the sulfur poisoning still remains an issue for the Cu-based small-pore sized zeolite
catalysts, even the sulfur concentration is only on the ppm level in the diesel
exhaust. The weakness of the sulfur tolerance of the new Cu-based SCR catalyst is
a big hurdle for its application in the developing countries, where the diesel fuel
contains higher concentrations of sulfur-containing compounds. A detailed SCR
reaction mechanism comparison study needs to be investigated since there is no
clear interpretation to address this issue.

Up to now, the manganese-based mixed oxides have received the most attention
and significant progress has been made, while the selectivity and the temperature
need to further improve compared to the zeolite-based catalysts. The resistance of
SO2 on Mn-based oxides catalyst is also a big challenge for low-temperature SCR
since Mn is known to be very sensitive to the sulfur. Significant efforts should be
made to develop a new generation of Mn-based catalysts which can survive under
the sulfur containing exhaust gas. Another approach is developing the regeneration
method to recover the sulfur poisoned Mn-based catalysts. Many researchers
have investigated the manganese-based mixed oxides for low-temperature
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ammonia-SCR, the mechanism of the synergistic interaction between manganese
and other metals still needs to be further examined.

An alternative approach for low-temperature SCR (i.e., at temperatures below
170 or 180 �C, suitable for ‘‘flue gas’’ applications) is H2-SCR. Studies on H2-SCR
are relatively recent (i.e., after 1990s) and few. The few studies (\100 publications
and patents) on H2-SCR were focused on supported Pt and Pd. The H2-SCR activ-
ities peak at around 150 �C. Needless to say, the area of H2-SCR is in its infancy.

H2-SCR has two significant advantages over NH3-SCR. First, it does not have
the ‘‘white powder’’ formation problem that plagues NH3-SCR, particularly at low
temperatures (below *140 �C). White powder of ammonium compounds (such as
bisulfate, sulfate, nitrate…) is formed in NH3-SCR that causes equipment fouling
problems. Second, H2-SCR is devoid of the ammonia slip problem. The disad-
vantage of H2-SCR is that excess H2 (i.e., H2/NO ratios substantially higher than
the stoichiometric ratio of 2) must be used to achieve high NO conversions.
Another problem with H2-SCR is that N2O product selectivity is generally sig-
nificant. These problems, however, could be circumvented with further studies for
better catalysts.

The mechanism of H2-SCR is far less understood than that of NH3-SCR, partly
due to the competing reaction of H2 combustion. Because of the tremendous
potential for future applications of H2-SCR, it merits more R&D efforts.
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Part III
Mechanistic Aspects



Chapter 7
Active Sites for Selective Catalytic
Reduction

Wolfgang Grünert

7.1 Introduction

The ‘‘active site’’ is a central concept in catalyst research introduced by
H. S. Taylor in 1925 [1]. It describes an ensemble of atoms in a solid surface which
takes part in the rate-limiting step of a catalytic reaction mechanism. This is the
stage on which the catalytic reaction spectacle plays, traditionally as thought
without yet the actors. The practical importance of knowing the active site is
obvious: once its structure is determined one can search for routes to prepare it in
larger abundance for making better catalysts. It is important to note that solid
surfaces are dynamic and respond to the properties of the reaction medium.
Therefore, the actual active sites are often formed from precursor structures only
under reaction conditions, and there are even cases where they disappear when
these conditions are changed beyond certain limits (e.g., carbided Pd surface layers
for selective hydrogenation of dienes [2]). Still, the active site concept describes
only the solid-state aspect of the full picture, but the example shows that active
sites can be reliably identified only under real reaction conditions.

This adds yet another aspect of complexity to a task which is challenging in
itself: the search for the active sites. Catalysis occurs on metastable structures
rather than on idealized stable surfaces, which usually offer low activities
(=reaction rates related to surface area under specified conditions as temperature
and reactant composition). We have to look for defect sites, for atomic arrange-
ments to be found only on small particles, on interaction structures with a second
component, e.g., a support or a promoter. Usually, the arrangement of atoms
requested by the catalytic reaction is not the only one exposed by the catalytic
element. The coexistence of the active sites with indifferent structures or even with
sites catalyzing the same reaction with different activation energy and, therefore
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capable of dominating the catalytic behavior in a different temperature range,
offers a considerable methodical challenge to any research effort.

Obviously, the search for the active sites of a reaction is a very involved task
requiring the concerted application of various techniques to well-selected catalytic
materials, desirably under reaction conditions. Even then progress toward reliable
identification of the responsible structures may be slow due to the complexity of
the catalytic surfaces. There is, however, an additional rationale for such research,
because the data generated are often of considerable value for practical catalyst
development. Therefore, the literature is full of opinions about active sites on
catalysts for various reactions, which may be everything from well-supported
proposals down to mere speculation.

The present report gives a critical overview on the state of knowledge about
active sites for SCR of NO by ammonia over the most important catalysts known
today. As indicated in earlier chapters, this actually involves two reactions—
standard SCR (reduction of NO by NH3 in presence of O2, Eq. (7.1)) and fast SCR
(reduction of equimolar NO/NO2 mixtures by NH3, in presence or absence of O2,
Eq. (7.2)). Due to recent discussions on reaction mechanisms (see Chaps. 8 and 9),
the oxidation of NO to NO2 (Eq. 7.3) will be briefly considered as well.

4NO þ 4NH3 þ O2 ! 4N2 þ 6H2O ð7:1Þ

2NO þ 2NO2 þ 4NH3 ! 4N2 þ 6H2O ð7:2Þ

2NO þ O2 ! 2NO2 ð7:3Þ

Initially, a short overview over the methodology used in pertinent studies will
be given. The subsequent discussion will focus on the traditional V2O5–WO3/TiO2

system and on zeolites modified with transition-metal ions (‘‘TMI’’) as Fe and Cu,
and only briefly touch upon new catalyst systems on the basis of Mn or Ce. The
questions to be answered concern mainly the structure of the redox sites: Are they
isolated TMI sharing oxygen bridges only with the support, or are they surface
bound oligomers, islands, three-dimensional clusters? How does the promoter
operate? Is there an influence of cation exchange positions in zeolites on activity?
Is there a primary role of acidity, e.g., Brønsted sites being part of the active site,
or does acidity just increase local NH3 concentrations?

7.2 Strategies and Methods for the Identification of Active
Sites

Active sites can be identified if there is a correlation between the abundance of the
corresponding structural motif in a catalyst type (desirably detected under reaction
conditions) and the catalytic activity. To identify such relations, one has to apply
suitable methods for the structural analysis of disordered material (geometrical and
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electronic structure) to either a series of catalysts which offers the whole variety of
candidate species in sufficiently different concentrations, or to one catalyst on
which this variety can be produced by chemical manipulations (e.g., sinter series).
The resulting structural data have to be correlated to meaningful reaction rate data
from all these materials. Therefore, the most popular structure characterization
techniques will be reviewed in the following with respect to their potential for this
kind of study. For the basics of these methods, the reader is referred to the per-
tinent introductory and advanced literature [3–7]. In such studies, situations may
be encountered where two or more different species types are obtained in similar
ratios in all preparations applied and therefore cannot be discriminated with
respect to their catalytic relevance. Transient approaches suitable for such situation
will be briefly outlined as well.

Although an ever growing choice of spectroscopic, diffraction, imaging, and
sorption techniques are available to the catalytic scientist, none of them is really
well adapted to the problem to be solved here. Therefore, studies on active sites
generally employ a multitude of methods. Catalysis is a surface phenomenon, but
hardly any technique is ideally surface sensitive—with the exception of adsorption
methods, IR spectroscopy if performed on interacting probe molecules, and Ion
Scattering Spectroscopy1 (ISS). However, methods probing near surface regions or
even the bulk of the material may be still of great value for the identification of
active sites when the signals detected are dominated by information from the
surface due to a high or even atomic dispersion of the phases under study. This
tends, however, to exclude diffraction techniques, in particular XRD, because
coherence lengths available from such disperse phases will fall short of those
required for achieving detectable diffraction signals.

Despite impressive progress in resolution and contrast utilization, imaging
methods like electron microscopy or scanning probe microscopy play only a
supporting role in active site studies. Although atomic details of real surfaces can
now be made visible, the quantification of sites for correlation with activity and the
statistical significance of the small assay remain problematic. Imaging, however,
can be extremely helpful for the interpretation of data from statistically more
representative though more indirect techniques. Examples are the visualization of
morphological changes in Cu particles interacting with ZnO at different redox
potentials [8], which had been predicted on the basis of EXAFS data [9, 10], and
the detection of surface amorphization of a mixed Mo–V–Te–Nb phase during
selective propane oxidation [11, 12], which had been previously observed by XPS
(in situ [12] and under vacuum [11, 13, 14]) just as deviations between surface and
bulk compositions.

X-Ray absorption fine structure (XAFS) is a powerful technique for the study of
active sites, but certain limitations have to be taken into account. It is an averaging
method: information arising from all kinds of species formed by the element of

1 Alternative designation—Low-energy Ion Scattering (LEIS).
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interest is superimposed. If the spectra of the candidate species are known, this
superposition can in principle be used for a quantitative analysis of species con-
centrations. This is often done for the Near-Edge region (XANES) which reflects
only the first coordination sphere, but it is much more complicated for the
Extended X-Ray absorption fine structure (EXAFS) which usually probes structure
to larger distances. It has been sometimes disregarded that coordination numbers
extracted from EXAFS fits must not be used to construct the typical coordination
sphere of an element if the latter has formed more than one species type. In such
situation, which can be sometimes but not always diagnosed from the XANES,
EXAFS can still provide valuable information, which is however less reliable and
quantitative. The potential of the XANES to give access to the distribution of
oxidation states or coordination geometries (pre-edge signals of first-row TM ions,
e.g., Ti [15], V [16], Fe [17, 18]) is often used to characterize the state of an
element in in situ or operando studies during catalytic reactions. Figure 7.1 shows
an example dealing with ordered mesoporous materials the walls of which were
claimed to consist of titania silicate TS-1 nanoslabs [19]. Position and intensity of
the pre-edge peak confirmed the tetrahedral coordination of the Ti while the decay
and shift of this signal upon hydration (unlike with the hydrophobic crystalline
TS-1 reference) proved its accessibility.

The recent development of wavelength differentiating fluorescence detection
(HERFD—high energy resolution fluorescence detection) together with the
increased brilliance of synchrotron sources has initiated large progress in the
differentiation of coexisting species by X-Ray absorption methods (reviewed in
[20]). Detection of spectra using fluorescence lines with small lifetime broadening
(Kß) instead of intensity in a broad energy range permits more detail to be seen in
the chemical sensitive pre-edge features. If there are sufficient differences between
the Kß fluorescence signals of species involved, EXAFS spectra predominantly
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reflecting the coordination sphere of one or the other site can be acquired by
appropriate setting of the detector. The measurement of fluorescence spectra
tuning the excitation energy through the energy range of a XANES (RIXS—
Resonant Inelastic X-Ray Scattering) creates a two-dimensional array offering rich
structural information. The broader introduction of these techniques into catalyst
research bears great promise for the structural analysis of real systems.

Another interesting version of XAS suitable for active site studies is soft X-Ray
absorption spectroscopy. The L edges of first-row transition metals often bear a
considerable diagnostic potential for the identification of oxidation states and
coordinations, which at present is largely disregarded in catalysis research.

X-Ray photoelectron spectroscopy (XPS) is well known as a method for
quantitative determination of surface compositions, including the differentiation of
oxidation states of elements. While being primarily an elemental analysis, its
potential to diagnose coordination geometries is weak although such conclusions
may be sometimes indirectly drawn from the identification of surface compounds.
Such analysis is often possible by combining binding energies of XPS lines with
the kinetic energies of X-Ray-induced Auger lines that appear as a by-product of
the photoemission process (Auger parameter). The information provided by con-
ventional XPS may be highly relevant for active site studies although it does not
characterize the external surface layer but averages over a near-surface region of a
few nanometer thickness. The ultra-high vacuum requirement of the method,
however, is a clear disadvantage. The advent of an in-situ version of XPS
(APPES—ambient pressure photoelectron spectroscopy), where spectra can be
measured under some millibar pressure at the sample, was therefore a break-
through [21]. It has been made possible by combining differential pumping stages,
which had been long known, with electron lenses [22] as indicated in Fig. 7.2.

Regarding vibrational methods, the potential of Raman spectroscopy to analyze
surface oxide phases has been widely applied to supported oxide catalysts [23], in
particular with Raman-inactive supports. Resonance Raman spectroscopy, which
involves excitation of Raman spectra at wavelengths where species present exhibit
an absorption maximum, offers additional opportunities for structural character-
ization. IR spectroscopy where the region of lattice vibrations used for such pur-
pose is too complex to be productive, is highly useful for the detection of
adsorbates and reaction intermediates. However, the characterization of surface
structures by IR spectroscopy of probe molecules, e.g., of acidic sites by adsorbed
N bases, has been a long tradition as well. Probe molecules can trace the degree of
coordinative unsaturation of surface species as demonstrated, e.g., in classical
studies of the Zecchina group on the characterization of supported Cr oxide species
([24] and subsequent series of publications). Their ability to discriminate between
cationic adsorption sites allowed creating the experimental basis for the CoMoS
model of promoter interaction in hydrodesulfurization catalysts [25]. The potential
of CO to differentiate between different oxidation states of an element [26, 27] has
been often applied as well. In reactions involving CO, it has been used to directly
probe the exposure of different species to the reaction atmosphere, including the
response of the active site distribution to changes of reaction conditions [27].
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Absolute concentrations are, however, often difficult to establish due to the lack of
information on extinction coefficients and due to different adsorption probabilities
under the prevailing conditions. Instructive examples for research along these lines
are the observation of Cu–Zn interactions in working methanol synthesis catalysts
[28] and of coexistence of metal and ionic Ru sites in alumina-supported Ru
catalysts for partial oxidation of methane [29].

UV–Vis spectroscopy is another technique often used in active site studies. In
the visible region, the d–d transitions are related to valence states and coordination
geometries (ligand field symmetries) of cations, at shorter wavelengths ligand-to-
metal charge-transfer transitions between filled orbitals with mainly ligand char-
acter and empty cation states appear, which are sensitive to the aggregation degree
of the corresponding phase. While UV–Vis spectroscopy is popular as an in situ
technique and yields to quantification more readily than IR spectroscopy, its
limitations are related to the considerable width of the signals and to problems
with line superposition and interpretation (cf. ‘‘Fe Zeolites’’ section).

EPR spectroscopy detects species with magnetic moments arising from electron
spins, often with extraordinary sensitivity. Among them, signals from systems with
an even number of unpaired spins can be obtained only at very low temperatures
due to short relaxation times. EPR signals of isolated cations bear information
about the symmetry of their ligand field, the identity of the cations can be judged
upon by a hyperfine splitting if there is a nuclear momentum, sometimes by the
signal position (g values). Disordered aggregates of paramagnetic sites cause
interaction broadening of signals down to complete loss of intensity, whereas
ordered arrays may lead to exchange narrowing. Collective spin coupling phe-
nomena may be identified by measuring spectra in a wide temperature range. This
is exemplified in Fig. 7.3 by comparing the temperature dependence of the EPR
spectra of three Fe–ZSM–5 catalysts, where the isotropic signal at g0 = 2 increases

conventional X-ray

p1 > p2

X-ray from synchrotron

p1 > p2

Previous designs: New design: Electrostatic focusing

Fig. 7.2 Ambient pressure photoelectron spectroscopy: combination of differential pumping
with electron optics to allow for realistic photoelectron yield from in situ cells. Reproduced from
[21] with permission from Elsevier
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to different extents at high temperatures indicating different clustering degrees of
the Fe-oxide aggregates present [30].

EPR intensities are proportional to spin concentrations as long as the spins are
not interacting very intensely. Quantitative analysis requires double integration of
the signals and the availability of reliable spin standards. It is prone to uncer-
tainties and therefore rarely performed. EPR is often used to characterize systems
composed of d0 ions by measuring the signals of d1 defects which occur in the d0

phases for entropy reasons. While this is a very useful approach, one should be
cautious with quantitative conclusions because the percentage of defects is
unknown and may vary among the phases present. EPR can be also performed
in situ and even operando, provided the heating of the sample can be made without
interference with the microwave field required for the measurements. The tech-
nique is described in [31].

Similar to EPR, solid-state NMR spectroscopy has a limited range of applica-
tions, which is defined by the magnetic moment of the corresponding elemental
nuclei. While EPR may detect extremely low concentration of paramagnetic sites,
NMR has sometimes sensitivity problems, in particular in the case of nuclei with
low natural abundance, e.g., 13C or 15N. There are, however, various techniques for
signal enhancement, the best known being cross-polarization where magnetization
is transferred from an abundant to a dilute spin site. Information on coordination
geometries, which is encoded in the g tensor in EPR, is eliminated in solid-state

Fig. 7.3 Temperature dependence of EPR spectra of Fe–ZSM–5 catalysts prepared from H–
ZSM–5 and FeCl3 via different routes. a Solid-state ion exchange, b Chemical vapor deposition,
c Mechanochemical treatment. The intensity variation of the signal at g0 = 2 measured above the
Neel temperature (e.g., at 673 K) indicates the clustering degree of the Fe-oxide phase.
Reproduced from [30] with permission of Elsevier
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NMR by the magic angle spinning technique: the NMR parameters achieved are
scalars. NMR signals are greatly perturbed if there is an unpaired electron at the
atom of interest.

Nevertheless, solid-state NMR can be useful for active site studies, which is
nowadays predominantly employed for acid catalysis, e.g., with zeolites [32].
Chemical shifts obtained are related to the electronic state of the atom: 1H–NMR
data have been, for instance, used to determine acidity of Brønsted sites in zeolites,
51V NMR can discriminate V5+ in various environments in supported catalysts
[33]. As long as the sites are sufficiently dilute, NMR intensity is directly related to
concentration. Structural information is accessible by echo techniques which allow
determining distances between spin sites. By analogy with IR methodology,
adsorption sites have been investigated with probe molecules also in NMR studies.
While work with N bases may require isotopic enrichment of the probe, there are
opportunities to detect subtle structural features by cross-polarization and double-
resonance (e.g., 14N/27Al) techniques [34].

The in-situ application of solid-state NMR requires heating and temperature
control of the spinning sample. Techniques available for this purpose are reviewed
in [35]. The method is applied preferentially for mechanistic rather than for active
site studies, but the former often result in indirect conclusions on the sites involved
in the detected reaction mechanisms [32].

Moessbauer spectroscopy is readily applicable only for a few elements that
exhibit suitable low-energy nuclear transitions on which the method is based—to
Fe, Sb, and Sn. For measurements with Ru, Ir, Pt, and Au, one faces a number of
complications (low measurement temperatures, dependence on sources with short
half-lives, working at synchrotrons, etc.). Co is accessible by inverse Moessbauer
spectroscopy, which requires preparation of the sample with 57Co, the isotope that
decays into the source nucleus 57Fe.

Such effort can be justified due to the high diagnostic potential of the method
for structural features. The spectra indicate the electronic state of the element
(including high-spin/low-spin differentiation), asymmetries in the coordination
sphere, and the intensity of magnetic interactions between the atoms. In the case of
iron, size determination is possible for superparamagnetic clusters. Due to the
temperature dependence of the recoil-free fraction that determines the signal
intensity from the corresponding structure, the spectra from samples containing
iron in states of different dispersion may change with temperature, and also under
the influence of an external magnetic field, which gives the chance to single out
contributions from different coexisting sites.

Figure 7.4 shows an example where Moessbauer spectroscopy revealed the
presence of Fe-oxide aggregates in Fe–ZSM–5 prepared by chemical vapor
deposition of Fe according to [36], which was expected to contain the Fe species in
nearly atomic dispersion from the EXAFS spectra [37]. This was based on the very
low intensities of Fe–Fe scattering between 2 and 3 Å, uncorrected, which can be
seen in Fig. 7.4a, and the lack of significant scattering intensity above 4 Å, which
suggests nearly ideal dispersion of Fe. At the same time, sextets in the Moessbauer
spectra in Fig. 7.4b, c clearly show the presence of large oxide aggregates. The
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contradiction apparently resulted from large disorder in the particles, which may
have included debris from destroyed zeolite structure. Such disorder would prevent
the observation of EXAFS scattering paths and cause anomalies in the Moessbauer
parameters as obtained in the fits to Fig. 7.4b, c [38].

There have been so far no in situ Moessbauer studies with catalysts, most likely
due to the loss of intensity (recoil-free fraction) and of particle size differentiation
with increasing temperature.

The methods discussed so far are particularly qualified for active site studies by
offering the potential for in situ work—even in electron microscopy, an ‘‘envi-
ronmental’’ version in which the sample is kept under some millibar of reactant
pressure is available nowadays. Valuable insight into the structure of surfaces can
be, however, also obtained by methods targeting adsorptive interactions of reac-
tants or other probe molecules with the surface although these are usually per-
formed in separate experiments, e.g., on catalysts previously subjected to reaction
conditions.
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however, clearly indicated by the Moessbauer spectra. Reproduced from [37] with permission of
Elsevier

7 Active Sites for Selective Catalytic Reduction 189



Volumetric chemisorption techniques are widely used to explore the particle
sizes (actually the size of the accessible surface) of dispersed metals. With oxides
and sulfides, they measure the total coordinative unsaturation of the surfaces,
which may be related to the catalytic properties. The energetic effects of
adsorption are probed by adsorption microcalorimetry, which gives frequency
distributions for sites with different interaction strength with the adsorbate, without
of course providing information about the structural features of the detected sites.
Adsorption interactions are often probed by reverting the process. For instance,
desorption into a carrier gas under a (linear) temperature increase (temperature-
programmed desorption, TPD) gives the chance to differentiate the sites according
to their interaction strength with the adsorbate, though with less accuracy than
calorimetry. Even nearer to catalysis is temperature-programmed surface reaction
(TPSR), where an adsorbate is reacted under a linear temperature profile with a
reactant offered in a carrier gas. This can reveal the existence of different active
sites for a reaction and give access to energetic properties of the existing sites.

Temperature-programmed reduction (TPR) and temperature-programmed
oxidation (TPO) are thermal methods related to transformations of the catalyst
rather than to adsorption on its surface. The former differentiates phases in the
catalyst according to their reducibility, the latter, which is usually performed after
having had a (redox) catalyst in a steady state with the reactant flow, probes the
average reduction degree of the elements present and differentiates components
according to their tendency to be reoxidized.

All thermal methods mentioned are highly productive in indicating differences
between the catalysts prepared and known phases or in detecting changes by
treatments, without giving any hint on the nature of species formed during prep-
aration or further processing. Combinations of such methods with techniques of
structural analysis have rarely been described in the literature. There is a special
opportunity for TPD, because a version of this method (TDS—Thermal desorption
spectroscopy) is used in surface science to investigate the adsorption properties of
ideal well-characterized surfaces. Indeed, comparison of activation energies of
desorption obtained by TPD of H2 from real Cu catalysts with analogous H2 TDS
data from Cu single crystal surfaces has been used to judge upon the exposure of
Cu facets in methanol synthesis catalysts [39].

The characterization techniques discussed so far are summarized in Table 7.1.
The discrimination of the active site among coexisting inactive or less active

structures requires a set of samples containing the candidate species in sufficiently
different abundances. A situation where such samples are not accessible by the
preparation methods employed calls for transient methods.

Catalytic mechanisms of redox reactions most frequently involve redox cycling
of (a) transition-metal ion(s) contained in the active site. Under reaction condi-
tions, the oxidation state of the TMI in coexisting sites will adapt to the redox
potential of the reaction medium in different ways depending on the redox prop-
erties of the individual structures. The different oxidation states observed under
stationary reaction conditions are, however, not related to the relevance of the
corresponding sites in the catalytic process because for the active site, all oxidation
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Table 7.1 Characterization techniques used in heterogeneous catalysis and their potential for the
identification of active sites

Technique Potential Limitations In situ/
operando?

XRD Determination of long-range
order, of particle sizes

Averaging technique, on
traditional level no
potential for disordered
structures

yes

Electron microscopy Visualization of structures
down to atomic details,
usually in UHV, but
environmental versions
available

Site concentrations difficult
to establish, analysis
refers to small assay of
material under study
(support by averaging
technique desirable)

in situ
(limited)

XAFS
(EXAFS/XANES)

Short-range order, also for
disordered or highly
disperse phases,
electronic structure

On traditional level
averaging technique,
difficult for situations
with many species of an
element coexisting

yes

XPS Atomic concentrations,
oxidation states in near-
surface layer, sometimes
structural information,
UHV technique,
environmental versions
available

Averaging over sampling
region (depth
differentiation requires
synchrotron sourcea),
assignment of signals
may be complicated,
structural information
limited

in situ
(limited)

LEIS (ISS) Identification of atoms in
topmost layer,
concentration gradients
via sputter series, vacuum
technique

No information on oxidation
states, averaging
technique, concentration
analysis possible, but
with risks

no

Raman Structural information for
highly disperse phases,
characterization of
adsorbates

Qualitative, signal
superposition for complex
materials, problems with
sample fluorescence

(yes)

IR Characterization of sites
(acid–base, redox) by
probe molecules, of
adsorbates, structural
information

Concentration analysis
difficult (only in
transmission geometry,
extinction coefficients
required), structural
information often limited
by signal saturation

yes

UV–Vis Analysis of oxidation states,
of aggregation degree of
TMI sites

Semiquantitative, broad
signals may create
problems with
assignment, poor
resolution of clustering
degrees

yes

(continued)
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Table 7.1 (continued)

Technique Potential Limitations In situ/
operando?

EPR Analysis of paramagnetic
sites and their
environment, extremely
sensitive, gives
information also on
clustered phases

Not all oxidation states
accessible, accuracy of
concentration analysis
limited

yes

NMR Concentration, coordination,
oxidation states of
elements, sometimes
information on distances
between sites

Only nuclei with nonzero
spin, sometimes problems
with sensitivity,
interference by nearby
paramagnetic sites
complicates application in
redox catalysis

yes

Moessbauer Oxidation states,
coordination to neighbors,
clustering degrees of sites

Only a few elements with
suitable nuclear levels, in
particular Fe, full
diagnostic potential only
at very low measurement
temperatures

nob

Chemisorption Particle sizes (metals),
adsorption sites (ionic
surfaces)

Particle size determination
averaging; adsorption
stoichiometry not always
clear

no

Adsorption
calorimetry

Enthalpy and entropy of
adsorption (titration
method) for probe
molecules and reactants

Limited to simple systems
(well-defined surface, one
adsorptive)

no

Temperature-
programmed
desorption

Differentiation of adsorption
sites on a surface,
depending on test
molecule for acid/basic or
redox sites, determination
of energetics of
desorption

Desorption signals remain to
be assigned to sites

no

Temperature-
programmed
reduction/
oxidation

Reduction/reoxidation
properties of redox phases
in samples; strong in
detecting interactions
between phases, in simple
cases determination of
energetics of reduction

Nature of detected
interactions remains to be
elucidated

no

a Angle-resolved XPS, which can be performed with lab sources, is a safe tool only for flat
sample surfaces
b In principle possible, but no examples known; loss of diagnostic potential at elevated tem-
peratures seems to discourage attempts
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states are possible: the actual situation is determined by the ratio between
reduction and reoxidation rates, slow reoxidation resulting in low stationary oxi-
dation states, and slow reduction in a fully oxidized site. Therefore, reduction and
reoxidation rates have to be measured under typical reaction conditions, e.g., as a
response to step changes of the feed composition. Sites in which any of the two
rates is clearly lower than the stationary reaction rate may be rejected. More
challenging but at the same time more promising is to compare how the oxidation
states of the TMI in coexisting sites on one hand and the reaction rate on the other
respond to step composition changes. Such step change will usually cause a
change of both reaction rate and oxidation states of all coexisting sites, but only for
the site causing the observed reaction will the transient response of the oxidation
state coincide with that of the reaction rate.

In cases where sites can be differentiated by the IR spectra of an adsorbed
reactant (see above), the step concentration change may be replaced by changing
the isotopic label (e.g., 12CO ? 13CO) as the adsorption of the labeled compound
is easily detected by a shift in wavenumber. Such extension of the SSITKA
(steady-state isotopic transient kinetic analysis), which is typically used for studies
on reaction mechanisms, by integrating structural and/or surface analysis tech-
niques is nowadays established in many laboratories. For the reactions relevant for
SCR, the pertinent studies are, however, still ahead.

The information given in this chapter demonstrates the complexity of research
targeting the identification of active sites in real catalysts. The report on the state of
insight into active site structures in SCR catalysts which will follow in the next sections
should be seen on this background. This state of knowledge comes as a mosaic with
contributions of many groups which are not necessarily consistent with each other. The
picture is definitely transient, in some cases the details may well change by upcoming
work with more powerful methods and with broader use of transient methods.

7.3 Supported Vanadia Catalysts

Supported vanadia catalysts promoted with tungsten oxide, sometimes with mo-
lybdena, are the industrial standard in SCR applications for stationary sources but
have also been applied in urea-SCR schemes (cf. Sect. 2.1). In the following, the
state of knowledge about the unpromoted V2O5/TiO2 system will be discussed
first, followed by some remarks regarding the role of the WO3 promoter.

It has been known for long that the interaction of transition-metal oxides (V2O5,
WO3, MoO3) with high surface area supports leads to the formation of monolayer
surface oxide species up to a considerable coverage degree of the support surface
(see, e.g., reviews [23, 40–44]). Silica is somewhat exceptional in this respect
because of its low density of sites available for interactions with the supported
oxide, therefore the following discussions are not valid for SiO2 surfaces. The
question whether the support surface becomes completely covered before the
supported oxide starts to grow into the third dimension was subject to some
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controversy [23, 41, 43–47]. Studies by the perfectly sensitive Ion Scattering
Spectroscopy [48, 49] showed that in well-prepared catalysts the transition-metal
(V or Mo) oxide species indeed cover the support completely in the dehydrated
state before building second and third layers. Hydration of the fully covered
surfaces results in some exposure of the support, apparently due to hydrolysis of
the oxygen bridges to the latter with subsequent clustering of the supported species
[43, 44]. Less optimized preparations involving ill-controlled deposition of pre-
cipitates may, of course, lead to different situations although the oxides have a
tendency to spread over the support surface during heat treatments creating
monolayer systems also under dry conditions. Indeed, for some systems (e.g.,
MoO3/Al2O3) thermal spreading of the oxide onto the support surface is a practical
alternative preparation route to aqueous techniques [50, 51].

It has been concluded from Raman spectroscopic studies that the TM oxide
forms isolated surface oxide species at low coverages, which combine to two-
dimensional oligomers with increasing coverage [23, 40–44]. Growth into the third
dimension will result in relatively disordered clusters which can be, however,
observed by Raman spectroscopy with high sensitivity, before ordered particles
detectable by XRD are formed. On TiO2, the vanadium in isolated species is
tetrahedrally coordinated by oxygen with a short V=O bond and three longer bonds
forming oxygen bridges to Ti atoms (Fig. 7.5). In the polyvanadates, some V–O–Ti
linkages are replaced by V–O–V bridges, in addition, acidic V–OH groups may
occur.

A recent EPR spectroscopic study [52] suggests some modification of this
picture (Fig. 7.6). The catalysts were made by simple impregnation of a Ti

Fig. 7.5 Surface vanadium oxide species occurring on supported vanadium oxide catalysts.
Reproduced from [42] with permission of Elsevier. a Isolated surface VO4 species. b Polymeric
surface VO4 species. c Crystalline V2O5 nanoparticles above monolayer surface coverage
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oxyhydrate with very high surface area resulting from the sulfate process, with
subsequent calcination at a rather low temperature (623 K) with the intention just
to fix the spontaneous speciation of V oxide structures on the surface. While the
presence of three-dimensional clusters could be excluded by Raman spectroscopy,
EPR showed a coexistence of isolated and oligomeric surface oxide species over a
wide range of coverage degrees (Fig. 7.6a). The intensity ratio between the two
signals present (multiplet—isolated sites, broad isotropic signal—sites in islands)
confirmed the expected increased abundance of islands at larger V oxide cover-
ages, but the clear detection of the isotropic signal at a V oxide coverage of \3 %
suggests that surface vanadium oxide species have a much larger tendency to
island formation on titania surfaces than so far assumed.

In the early literature, the vanadyl group (V=O) was thought to be the active site
for the SCR reaction [53]. It was, however, soon observed that in catalyst series
with varying composition the SCR rate grew stronger than linear with the vanadium
content [54–57] as exemplified for V2O5/TiO2 in Fig. 7.7. It was derived from the
kinetic data that the polyvanadate-based sites in V2O5/TiO2 would be an order of
magnitude more active than the isolated sites [55]. From these observations, various
proposals of binary sites with the O=V–O–V=O motif emerged, as reviewed,
e.g., in [58]. At the same time, the relevance of Brønsted (V–OH) sites was
concluded from IR and isotopic labeling studies [59, 60]. The well-known reaction
mechanism by Topsøe (see Chap. 8), which was supported by IR spectroscopic
and TPD studies [61–63] and became the basis of a successful microkinetic model
of SCR over this catalyst type [64], indeed operates on a binary site containing an
vanadyl and a V–OH group (O=V–O–V–OH).
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Fig. 7.6 EPR spectra of tungsten-free a and tungsten-containing b V2O5/TiO2 catalysts after a
reference calcination (623 K, 1 h), measured at 77 K. Spectra are normalized to the catalyst
mass. Reproduced from [52] with permission of Elsevier
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On the other hand, the reality of SCR activity provided by isolated V oxide sites
[55] has been supported by studies with vanadium-exchanged zeolites. A clear
correlation between the intensity of the EPR signals of isolated (VO)2+ ions and
the reaction rate was found [65]. These sites obviously operate via a different, as
yet unknown mechanism.

Several concepts were put forward to explain the promoting role of tungsten in
V2O5–WO3/TiO2 catalysts. An increased surface acidity in presence of W favors the
ammonia supply to the active site [66, 67]. Tungsten was observed to enhance the
reducibility of the vanadia component [66, 68], which was explained by electronic
interactions and was related to the observed increase of activity. An alternative
approach considered the tungsten species just as competitors for the support surface,
which force the surface vanadium oxide species to greater proximity and thus to the
formation of the highly active binary sites [66] already at lower coverages. In this
version, the surface tungsten oxide species are just spectators, the activities achieved
in the promoted catalysts should be accessible without tungsten as well, but at lower
BET surface areas. Tungsten is also known to favor the stability of the catalysts by
delaying the sintering of the high surface area support.

The structure of surface tungsten oxide species was studied by Raman spec-
troscopy of monometallic WO3/TiO2 and of mixed V2O5–WO3/TiO2 catalysts
[69]. Surface W oxide species are tetrahedrally coordinated ((O)3–W=O) at low W
content while strongly distorted octahedral sites ((O)5–W=O) predominate on
dehydrated surfaces at high W oxide coverage. These sites were found to coexist
with tetrahedral monovanadate and polymeric surface vanadates in the mixed
system. A trend to more polymeric surface V oxide species was observed with
growing tungsten content, but no three-dimensional phase was seen even at total
metal coverages which would significantly exceed the monolayer limit if both
metals were to compete for the same surface sites [69]. No indications for bonds
between surface W and V oxide species (W–O–V bridges) were reported.

In Fig. 7.6, the EPR spectra of the TiO2—supported monometallic and mixed
oxide catalysts are compared [52]. Surprisingly, the introduction of tungsten
strongly suppressed the isotropic signal from the surface V oxide islands. The
effect is drastic, because the coverages in the mixed systems are very high due to

Fig. 7.7 Relation between
density of surface V atoms in
V2O5/TiO2 catalysts and their
activity for NH3–SCR (•) and
methanol oxidation (j)
Reproduced from [42] with
permission of Elsevier
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an intermediate calcination step which caused loss of surface area. For the cata-
lysts containing 1.5 wt% V2O5, (…V1.5), the isotropic signal almost completely
vanished in presence of W although the total metal oxide coverage increased by an
order of magnitude. Obviously, tungsten tends to break up island structures instead
of favoring them. A complementary TPR study indeed suggested that most of the
tungsten in these catalysts is in the vicinity of surface V oxide sites, not near W
oxide sites [52]. Therefore, the promoting effect of tungsten is caused not by the
formation but by the destruction of polyvanadate sites. Electronic interactions
between W and V oxide species or a favorable influence of W on surface acidity
would comply with this picture, but also a dependence of the specific activity of
the active (V–O–V) sites on the size of the island in which they are contained, the
smallest size offering the highest activity.

These alternatives were further differentiated by a study of the catalyst response
to high temperatures [70]. Mixed oxide systems were found to activate strongly
upon treatment at high temperatures in oxidizing medium (Fig. 7.8). Two activity
peaks can be seen with increasing treatment duration at 1023 K (panels a and c)
and concomitant decrease of the BET surface area. Under other calcination con-
ditions, even a third activity maximum emerged. While the details of these phe-
nomena are not yet fully understood, we found clear evidence from several
methods (Raman spectroscopy, XRD, TPR) that the decrease of the support sur-
face area causes the tungsten oxide species to segregate from the surface, not the
vanadium oxide species. Therefore, the drastic activation effect seen in Fig. 7.8 is
most likely related to a growth of surface V ensembles at places where the
tungsten loses contact with the surface. This is incompatible with both the concept
of electronic interactions between W and V oxide sites and of acidity effects
determining the activity trends. Instead, it seems to indicate that the spontaneous
arrangement of W and V oxide species on the titania surface leads to an excessive
isolation of vanadium oxide sites. This is relaxed by segregation of W oxide
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species from the surface under thermal stress, which allows for more highly active
dimeric sites. Under heavy thermal stress, the surface vanadia phase remains two-
dimensional while the tungsten oxide forms large WO3 crystals. The poor per-
formance resulting under these conditions suggests a lower activity of V–O–V
dimer sites when they are part of large islands.

7.4 Zeolite-Based Catalysts

Zeolites are unique among catalyst supports in many aspects, e.g., in the avail-
ability of well-defined, energetically nonequivalent cation exchange sites. The
expectation that cations exchanged into zeolites will all end up in these sites seems
to be fulfilled, however, only for monovalent ions. SCR-related research has much
contributed to the insight that exchange of polyvalent cations may result in
complicated species distributions, probably due to the extra-lattice oxygen intro-
duced into the system for charge neutralization.

7.4.1 Fe Zeolites

The discussion of active sites for NH3–SCR has been much influenced by structural
data collected in earlier studies related to the SCR with hydrocarbons (HC–SCR).
For the same reason, the discussion has long been focused on the ZSM–5 matrix
although different zeolites, in particular zeolite Beta, meanwhile seem to be more
promising for technical application. The early studies dealt with over-exchanged
samples (Fe/Al = 1, corresponding to &5 wt% Fe at an Si/Al ratio of &15),
which were first described by Feng and Hall [71] and could be reproducibly pre-
pared by chemical vapor deposition (CVD) of FeCl3 into H–ZSM–5 as reported by
Chen and Sachtler [36]. These authors proposed that the iron which is atomically
dispersed in the form of Z–O–FeCl2 species after the CVD step, rearranges quan-
titatively or to a large extent into dimeric species held together by an oxygen bridge
(Fe–O–Fe) after washing and calcination [36, 72]. This view was supported, e.g., by
the partial reappearance after calcination of the IR band of Brønsted OH groups,
which had been completely quenched by the CVD step, and by the easy (stoichi-
ometric) oxidation of CO to CO2 by these samples, which suggests the vicinity of
two Fe atoms accommodating the two electrons transferred. The assignment of the
high HC–SCR activity of these catalysts to the binuclear Fe–O–Fe sites was
encouraged by analogies with the active structure in the enzyme methane mono-
oxygenase [73] and by previous analogous assignments of activity in NO decom-
position and HC–SCR to analogous Cu–O–Cu species in Cu–ZSM–5 [74].

Several groups investigated over-exchanged Fe–ZSM–5 by X-Ray absorption
spectroscopy and supported unanimously the formation and catalytic relevance of
the binuclear Fe–O–Fe sites [75–77]. The EXAFS spectra obtained in these studies
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were successfully analyzed by models yielding coordination numbers near or equal
to one for the second coordination shell (Fe–Fe). A note of caution was given by
Marturano et al. [77] who found by magnetic measurements that the antiferro-
magnetic coupling, which is expected between the Fe atoms in binuclear sites, was
not complete. Despite 30 % of the iron detected as isolated ions, the EXAFS data
were still discussed in terms of predominating binuclear sites.

On the other hand, Heinrich et al. obtained Fe–Fe coordination numbers below
1 in their EXAFS analysis of over-exchanged Fe–ZSM–5 subjected to different
calcination regimes [37]. Supported by the observation of a significant amount of
large clusters (particles) by Moessbauer spectroscopy (cf. Fig. 7.4) they concluded
that EXAFS coordination numbers can be only averaged quantities in these
materials and thus identified the presence of significant amounts of isolated Fe oxo
sites in their zeolites. As the SCR activities of these catalysts were comparable
with those of other groups which claimed considerably less particle formation and
predominant presence of binuclear Fe–O–Fe sites in their samples [36, 78],
Heinrich et al. assigned the (HC-)SCR activity to sites which would be minority
species in all catalysts compared, e.g., isolated sites [37]. This assignment was
strongly supported by the observation of attractive SCR activity of a sample
containing just 0.5 wt% Fe [79]. This catalyst, which was prepared by a different
method, did not exhibit any significant Fe–Fe scattering signal in EXAFS which
might have indicated binuclear Fe–O–Fe sites.

In the following, the heterogeneity of the Fe speciation in over-exchanged Fe–
ZSM–5 has been confirmed by other groups as well [80] although in the mean
time, [70 % of the iron had been claimed to be part of Fe–O–Fe pairs in catalysts
that contained [45 % of the iron in large (2–10 nm) particles according to the
Moessbauer spectra [81]. Heijboer et al. found that the EXAFS spectra of over-
exchanged Fe–ZSM–5 cannot be unambiguously analyzed [80]: they presented
models including next nearest Si(Al) neighbors that represent the data equally well
as those published earlier [81] and resulted in much lower Fe–Fe coordination
numbers (see also Pirngruber et al. [82]). Likely structures of Fe species in ZSM–5
are illustrated in Fig. 7.9, which cites molecular modeling results given in [80].
These models should be taken just as examples: EPR spectroscopy identifies, for
instance, at least three different isolated sites ([30, 83], see also Fig. 7.3), which
have been related to the a, b, und c cation exchange sites meanwhile [84]. The
binuclear site is nowadays rather lumped into the oligomers, which can be iden-
tified by UV–Vis signals in a particular wavelength range [30, 85]. Upon calci-
nation, the Fe species tend to migrate toward the external surface and to aggregate
still in the zeolite [37, 81], which is nicely demonstrated by TEM–EDX images
from [81] and TEM images from [86] in Fig. 7.10a–c. The wavelength region
related to these species in the UV–Vis spectra differs from those of the oligomers
although it has remained unclear which aggregation degree would cause the
wavelength shift observed [30, 85]. Finally, oxide or oxihydrate crystals segregate
from the zeolite (Fig. 7.10b). The migration is favored by moisture, the intra-
zeolite particles most likely destroy and include part of the zeolite structure which
explains their invisibility by XRD and EXAFS (see Fig. 7.4).
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Due to the complexity of over-exchanged Fe–ZSM–5, the subsequent studies
were undertaken with ZSM–5 containing small amounts of iron, and NH3–SCR
was included owing to its upcoming technological relevance. UV–Vis and EPR
spectroscopy became the most important analysis techniques at the expense of
EXAFS because of their potential to differentiate coexisting Fe species [30]. For a
series of samples prepared by a special ion exchange technique (cf. [83]) activity
in both SCR reactions was correlated with the abundance of Fe sites derived from
a quantitative analysis of the UV–Vis spectra, neglecting a possible wavelength
dependence of the extinction coefficient [86].

For HC–SCR, this correlation resulted in strong support for a contribution of
both isolated and oligomeric Fe oxo sites to the reaction rates observed at low
temperatures. At high temperatures, the oligomers catalyze the oxidation of the
hydrocarbon reactant very effectively, therefore, the best catalysts for HC–SCR
contain iron only in small quantities. The results for NH3–SCR are summarized in

Fig. 7.9 Molecular models of Fe oxo species in zeolites. a mononuclear Fe oxo site, dehydrated;
b binuclear Fe (hydr)oxo site, c, d oligomeric Fe oxo sites of different nuclearities in straight
channel, seen from different sides. Framework represented by thin lines, atoms in extra
framework species by balls: red—O, pink—Al, dark red—Fe, white—H. From [80] with
permission of Elsevier
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Fig. 7.11. Surprisingly, the correlation with the total Fe content was superior even
to that with the sum of oligomers and isolated sites, which was explained with the
irregular structure of the intra-zeolite ‘‘particles’’ (cf. Fig. 7.10a, c) offering a non-
negligible surface area available for catalysis. Unlike in HC–SCR, the oxidation of
the reductant is much less pronounced in NH3–SCR over Fe–ZSM–5, therefore,
the oligomers can be tolerated in the catalysts. Rather, from the course of the NO
conversion curves with increasing Fe content it was proposed that the oligomers
may even contribute more strongly to the total reaction rate at higher temperatures
than under the conditions for which the correlation (Fig. 7.11) was made [86].
From this, the best catalysts for NH3–SCR would contain large amounts of iron in
the highest possible dispersion.

The surprisingly good correlations between site abundance and SCR activity
still leave a number of questions unanswered. As already mentioned, ‘‘isolated
sites’’ is a quantity lumped of at least three species detectable by EPR. The redox
properties of these sites in the typical feeds (NH3–SCR and HC–SCR) were found
to be very different, octahedrally/distorted tetrahedrally coordinated isolated sites
being more prone to reduction than tetrahedrally coordinated sites under conditions
where oligomers withstood reduction completely [87]. As SCR most likely requires
Fe to be in the +3 state in order to activate the reductant (cf. Chaps. 8 and 9),

Fig. 7.10 Electron microscopy images of Fe–ZSM–5. a STEM/EELS micrograph (Fe/O map) of
over-exchanged Fe–ZSM–5 after calcination with extremely slow temperature gradient [81], line
scan along line (b) not shown; b crystallites on over-exchanged Fe–ZSM [86], c Fe enrichment in
Fe–ZSM–5 of low Fe content (1.2 wt%)
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the contribution of these sites to the observed activity should be different. The
marginal influence of these differences on the quality of the correlations discussed
above may arise from a low degree of variation in the concentration ratios between
these sites in our series of samples. Likewise, the ‘‘oligomers’’ comprise a distri-
bution of oligomerization degrees. The small NH3 oxidation activity found with
Fe–ZSM–5 arises from clustered phases, from the oligomers rather than from the
particles. When we used a Fe–ZSM–5 catalyst after &2 years storage under the
same reaction conditions as before, we observed the influence of ammonia
oxidation on the conversion-temperature curves to be larger than in the earlier
measurements (see [86, 88]) although we could not relate this to significant changes
in the UV–Vis spectra. Maybe an influence of the oligomer size on ammonia
oxidation activity remains to be discovered here. Finally, it has been proposed that
the UV absorption of binuclear sites may fall into the wavelength region typical of
isolated sites if their antiferromagnetic coupling is weak (hydroxo-bridged dimers)
[82]. In our UV–Vis studies, no significant differences occurred between mea-
surements of a calcined sample stored subsequently at ambient or in situ right after
calcination, therefore, we do not consider the hydroxylated binuclear site relevant
for our assignments.

The sites active for NH3–SCR in Fe zeolites have been addressed in a number
of other, mostly more recent studies, which did not result in convergent conclu-
sions. Based on EPR measurements, Long and Yang [83] assigned activity for
NH3–SCR exclusively to tetrahedrally coordinated isolated sites cooperating with
Brønsted siteds. Exclusively isolated sites were also considered responsible for
NH3–SCR by Krishna and Makee [89] and by Doronkin et al. (Fe-Beta [90]).
Opposed to this, Klukowski et al. suggested a dual site mechanism for Fe-Beta
where NH3 and NO are activated at neighboring Fe3+ sites, and admitted only a
minority role for a possible single-site mechanism [91]. The dual site may be part
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rate constant of NH3–SCR at
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202 W. Grünert



of oligomers or consist of two nearby isolated Fe3+ ions. Iwasaki et al. proposed
NO2 TPD as a most useful tool for the elucidation of active sites as its high-
temperature peak appears to correlate with activity in NH3–SCR [92]. This peak
was associated with ‘‘oxo-Fe3+ at ion exchange sites’’ [92, 93] which includes,
however, binuclear sites as far as both Fe ions are related to framework Al cations.
In a more recent article, the binuclear sites were described as a subcategory of
oligomeric sites [94], which shifts the assignment closer to that of Schwidder et al.
[86]. Sobalik and coworkers have recently stressed the significance of the Al
distribution in the zeolite framework for the active site structure, a motive which
has been developed by scientists of the Prague Heyrovsky institute over years and
has been recently reviewed in [95]. In this concept, close Al framework sites in
opposite positions of a six-ring stabilize Fe2+ ions without extra-lattice oxygen,
while single Al framework sites are coordinated with Fe3+ oxo species. The latter
are considered responsible for the activity in NH3–SCR [96].

The conflicting conclusions mentioned arise at least partly from the limited
potential of the available analytical methods for analysis of the complex site
structure in Fe zeolites. In this situation, the group of O. Kröcher resorted to a
statistical approach in which the distribution of the Fe sites was assumed to follow a
(random) distribution of Al in the zeolite framework, and the formation of bi, tri, and
polynuclear structures was assumed to occur when nearby Fe sites are located within
certain distances [97, 98]. The site abundances obtained on this basis, which were
validated by comparison with UV–Vis spectra of a samples series covering a wide
range of Fe contents [98], were used to explore correlations within a large body of
very accurate rate measurements at different temperatures [99]. From this, Bran-
denberger et al. concluded that the catalytic reaction rate results exclusively from
isolated sites at low temperatures while oligomeric structures contribute at higher
temperatures, which agrees to some extent with the picture proposed in [86].

The importance of acidity for NH3–SCR has been discussed also with respect to
Fe zeolite catalysts. A favorable role of acidity is á priori plausible because this
tends to increase the local concentration of the ammonia reductant near the active
sites. The more fundamental question is, however, if an acidic function is part of
the active sites as, for instance, in the sites driving the reaction cycle proposed by
Tøpsoe [61–63] for V2O5/TiO2 catalysts. From a comparison of SCR activities
measured with Fe in nonacidic and acidic zeolite supports, Schwidder et al.
concluded that acidity favors the reaction without being an essential ingredient of
the active site and hence the reaction mechanism [100]. A more recent study of
Brandenberger et al. arrived at similar conclusions [101], which are at variance
with some earlier proposals, e.g., in [83].

The technical relevance of Fe zeolites is related to their potential to catalyze the
fast SCR reaction (Eq. 7.2) rather than to their activity in standard SCR. Fast SCR is
a rather facile reaction which has been proposed to proceed without any involve-
ment of Fe sites [102, 103]. This has been confirmed in [88], but it has been shown at
the same time that Fe zeolites offer sites which accelerate the reaction dramatically.
Standard SCR and fast SCR are stoichiometrically related to each other: The former
(Eq. 7.1) results when NO oxidation (Eq. 7.3) is added to fast SCR (Eq. 7.2).
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It has been proposed that this relation holds also for the reaction mechanism of
standard SCR, with NO oxidation as rate-determining step followed by the very fast
reaction of the resulting NO/NO2 mixture according to Eq. (7.2) (see Chap. 8,
earlier work summarized in [97]). This view implies that the active sites of NO
oxidation and of standard SCR are identical while those of standard and fast SCR
might be different.

The latter has been indeed reported in a study by Schwidder et al. [88] where
the activity for fast SCR was found to survive hydrothermal stress and impact of
SO2 much better than that for standard SCR (Fig. 7.12). From the observation that
fast SCR was effectively catalyzed by a sample containing just 0.2 wt% Fe,
according to UV–Vis and EPR spectroscopy almost exclusively as isolated sites
and that more iron, be it as isolated, oligomeric, or particulate species, did not
result in significant improvement, it was concluded that fast SCR is catalyzed by a
sub-entity of the isolated sites. In recent operando EPR studies, Fe sites in b and c
positions remaining in the 2+ state during calcination but being oxidized to Fe3+ in
presence of NO2 have been identified as candidates [104].

In another recent study, it was attempted to change the fractional occupation of
the ZSM–5 cation sites by the Fe species by loading the zeolite previously with
different amounts of Na or Ca ions [105]. The subsequent introduction of the Fe
component (ca. 0.25 wt%) was accomplished by a dry method (solid-state ion
exchange) to avoid leaching of the co-cations. Figure 7.13 shows conversion
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curves measured with these catalysts in the three relevant reactions (7.1) through
(7.3). These curves demonstrate clearly that the active sites dominating the cata-
lytic behavior are different for all three reactions. Thus, activity for standard SCR
was improved by the presence of Na ions (ca. 50 % exchange degree) as compared
to the Fe-only sample (Fig. 7.13b), while the activity for the other two reactions
was deteriorated (Fig. 7.13a, c). This is another piece of evidence rejecting that
standard SCR proceeds via a sequence of NO oxidation to NO2 and fast SCR. The
differences between NO oxidation and fast SCR are less striking but still pro-
nounced (Fig. 7.13a, c): Thus Fe–ZSM–5 preoccupied with Ca or with Na
(exchanged to 50 %) behave very similar in NO oxidation but clearly different in
fast SCR. A further increased Na exchange degree leads to a strong deactivation in
NO oxidation whereas in fast SCR, a loss in performance occurs only at low
temperatures. The differences in the active site structure causing the activity
changes depicted in Fig. 7.13 are subject to ongoing characterization work.

To summarize, there is no generally accepted view on the active sites
responsible for the reactions relevant for NOx reduction in Fe zeolites. Several
studies suggest a participation of all Fe sites accessible from the gas phase, which
agrees with the observation that considerable SCR activity has also been reported
for Fe oxide on open supports, e.g., tungsten-promoted FeOx/ZrO2 [106], but
correlations with exclusively isolated Fe sites have also been claimed. Research
targeting the identification of the sites active for fast SCR has only just com-
menced. While it is clear that this reaction is catalyzed by a very stable isolated
minority site, a recent operando EPR study supported by Moessbauer data sug-
gests that this site may be in the Fe2+ state in a calcined catalyst and can be
oxidized to Fe3+ only by NO2 [104]. Fe ions stabilized by close Al sites in the
framework as proposed by Dedecek et al. [95] might be candidates for that. Still,
there is not as yet a well-established relation between the reaction mechanisms of
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SCR (standard and fast) over these catalysts and the candidate sites because the
mechanistic discussion was long dominated by the assumption of NO oxidation
being rate determining for standard SCR, and more recent concepts still need to be
related to the knowledge about the site structure in Fe zeolites.

7.4.2 Cu Zeolites

As mentioned above for Fe zeolites, the discussion on active sites in Cu zeolites
has long been based on results obtained previously in research on HC–SCR, in the
case of copper also on NO decomposition. The early work on all these reactions
was reviewed in [107]. Actually, the activity of Cu zeolites for NH3–SCR was
discovered earlier than that for HC–SCR (NO/NH3 reaction over Cu–Y—1975
[108, 109]; HC–SCR—1989/90 [110, 111]), but as the reaction was performed
without oxygen in the feed, Cu(II) became reduced at rather low temperatures
which quenched the reaction. [Cu(NH3)4]2+ complexes were considered to be the
active sites [112].

Cu–ZSM–5 was the system for which the phenomenon of over-exchange was first
described [110]. For NO decomposition, a steep increase of the turnover frequency
around 100 % exchange degree [110, 113, 114], the conclusion that the active sites
are a minority which easily interchanges between the +2 and +1 oxidation states
under reaction conditions [114, 115] and the identification of such sites with binary
Cu–O–Cu species [116] suggested a particular role of aggregated entities in this
reaction. There was disagreement with respect to the structure of these aggregates
already with the copper zeolites, where binuclear (Cu–O–Cu) sites were advocated
by the majority of groups [110, 115–118] while some groups proposed the formation
of small intra-zeolite oxide clusters (oligomers) [119, 120]. The latter was supported
by the observation of very strong enrichment of copper in the XPS sampling region of
freshly prepared Cu–ZSM–5 without any indication for the formation of massive
phases [120], which would have been sensitively detected by the help of the Auger
parameter [120–124]. Indeed, redox treatments decreased the copper excess in the
external surface region, apparently by decomposition and redistribution of the
copper oxide oligomers over the whole zeolite crystal [120].

While the beneficial role of overstoichiometric Cu is obvious for NO decom-
position, there are diverging reports with respect to HC–SCR. Observations of
peak activities at exchange levels slightly above 100 % [125–127] were consid-
ered to indicate a particular activity contribution of Cu–O–Cu sites or clusters, but
results depended on the type of hydrocarbon reactant and on the reaction condi-
tions. A completely different explanation given by Wichterlova et al. [128] is
based on the concept of the active sites being influenced by the Al framework
distribution [95]. From work with luminescence and IR spectroscopy (adsorbed
NO), two different types of isolated Cu ions were differentiated: one, which pre-
dominates at low Cu content, is change-balanced by two nearby framework Al
ions, the other one, which carries extra-lattice oxygen, is formed only at higher Cu
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content and was identified as the active site for NO decomposition. HC–SCR and
NH3–SCR were proposed to require the cooperation of both kinds of Cu ions.
Ciambelli et al. found the normalized reaction rates (per Cu atom) of HC–SCR to
increase up to full exchange, but then to decrease markedly [127], which calls into
question the relevance of excess copper. In a study of propene-SCR with copper
chloride species introduced into Na–ZSM–5 by dry methods (i.e., as guest spe-
cies), normalized reaction rates were found to be of the same order as in usual SCR
catalysts, which suggests that excess copper is just another site type for hydro-
carbon-SCR, but without particular merits [121]. This is in agreement with the
observation that Cu zeolites which differed strongly in NO decomposition activity
exhibited less differences in HC–SCR [129].

The study with Cu chloride species hosted in Na–ZSM–5 [121] showed at the
same time that HC–SCR with the reductant propene is possible without Brønsted
acidity, which had been under debate as well (cf. [130–135]).

In studies with the ammonia reactant, the coexistence of isolated and binary
sites was a major topic as well. In a kinetic investigation of NH3–SCR over Cu–Y
catalysts of different Cu content, Kieger et al. [136] found the turnover frequency
(rate per Cu atom) to increase significantly with the copper content at low reaction
temperatures while the trend was weaker above 600 K. Based on characterization
by temperature-programmed reduction and reoxidation, TPD of ammonia and IR
of adsorbed NH3, the authors assigned the selective reaction observed at low
temperatures to Cu–O–Cu sites which form in supercages at high copper content
while analogous binary sites in the sodalite cages were considered responsible for
the relatively intense N2O formation under these conditions. Above 600 K, where
the N2O selectivity decreased markedly, all accessible copper was proposed to
catalyze the selective reaction. Komatsu et al. likewise suggested a crucial role of
binary Cu–O–Cu sites from kinetic studies of NH3–SCR in Cu–ZSM–5 of varying
Cu content [137]. The proposal of Wichterlová et al. according to which a
cooperation between two different Cu ions is required for NH3–SCR ([128], see
above) sounds similar, but it does not invoke an oxygen bridge between them
because one Cu ion is change-balanced by two framework Al ions.

The renewed interest in Cu zeolite catalysts for NH3–SCR after the discovery of
high activity, selectivity, and stability of Cu chabasite materials has led to a
number of studies aimed at the elucidation of the active site in this zeolite. It has
been reported that Cu ions are present in just one single crystallographic position
in these catalysts. This was concluded from Rietveld refinement of XRD data, and
the Cu ion was found within the cage just outside the double-six rings connecting
the zeolite cages [138]. The relevance of this site for NH3–SCR was shown in
subsequent work [139, 140]. Deka et al. [141] derived similar conclusions from
operando-XAFS measurements, where the detailed coordination geometry could
be resolved more accurately due to the local sensitivity of EXAFS. A model of the
site at different temperatures is shown in Fig. 7.14 where it can also be seen how
NH3 adsorbed onto the Cu ion at low temperatures attracts it slightly toward the
center of the cage. It should be noted that this view has been challenged by Kwak
et al. on the basis of TPR and IR (CO and NO probe molecules) data, according to
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which a second cation position is populated already at 40 % Cu exchange level
[142]. The additional position, which is located more into the cage, but also
coordinated to a six-ring, provides a higher redox activity to the Cu ion. Irre-
spective of the outcome of this controversy, it seems that the activity of Cu–SSZ–
13 arises from isolated sites. This very stable activity is very much the same as the
one which other Cu zeolites (e.g., Cu–ZSM–5) [143], the performance of which
was described to be dominated by binary Cu–O–Cu species in earlier studies [137],
can provide only in the fresh state.

7.5 Recent Catalyst Development

In recent years, much work has been devoted to the search for alternative oxide
catalysts for NH3–SCR, and from the characterization work included in these
studies, conclusions regarding the active sites have often been drawn. The most
promising systems are based on the elements manganese and cerium, which are
often combined with other elements or deposited on supports (see Sect. 2.4).

The extremely high activity of bulk manganese oxides, which provide very
large reaction rates at temperatures below 470 K, can apparently arise from several
oxidation states of Mn [144–146]. It was shown that MnO2 is the most active
phase, however, its labile oxygen favors the oxidation of ammonia to N2O [146]
while Mn2O3 offers significantly better selectivity for N2 at lower reaction rates
[145, 146]. The sizeable N2O formation over these catalysts and their low thermal
stability has prompted efforts to stabilize their active sites on supports or by
creation of mixed oxide phases.

Carbon-supported Mn oxides show similar activities as unsupported samples.
On the basis of XPS evidence, Yoshikawa et al. concluded that the Mn oxidation
state on their surface is +3 [147]. At the same time, Grzybek et al. [148] were

Fig. 7.14 Illustrations of the local copper environment in d6r subunit of CHA. a Local structure
after calcination, with copper in the plane and slightly distorted from the center of the d6r subunit
of CHA; b interaction with NH3 at 423 K under SCR conditions resulting in a coordination
geometry change; c under SCR conditions above 523 K. From [141] with permission from the
American Chemical Society
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skeptical about the potential of XPS to reliably differentiate Mn3+ and Mn4+—at
least in routine application (see below). They stated that there may be oxide
crystals and two-dimensional layer structures on the carbon surface, where the
crystals are more active, whereas the monolayer structures are more selective
toward N2 [149].

Observations made with MnOx supported on other materials are somewhat
different. No bulk phases can be observed on them at low Mn loadings, but the
bulk oxides (e.g., Mn2O3) appearing at high Mn content did not improve the
activity [150]. It was proposed on the basis of a multitechnique characterization
study that Mn is present on TiO2 in the form of monomeric surface oxide species at
low Mn loading and as oligomeric monolayer structures upon increase of the Mn
content [151]. Above the theoretical monolayer coverage, amorphous oxide layers
are formed first whereas crystalline structures appear only at rather high Mn
loadings. On the basis of XPS measurements, Pena et al. identified Mn4+ and Mn3+

on their Mn/TiO2 catalysts and concluded a larger activity of the former from the
catalytic behavior of the samples investigated [152]. Analogously, Mn4+ was
considered the most active oxidation state by Zhuang et al. [153]. The latter
authors observed a pronounced dependence of the activity on the Mn surface
density on TiO2 and concluded that the activity contribution of Mn4+–O–Mn4+

sites exceeds that of isolated Mn4+–O–Ti groups. This agrees with mechanistic
proposals of Marban et al., which operate with binary Mn–O–Mn sites [154, 155].
Marban et al., however, proposed the Mn oxidation state to be +3 in these sites,
and the mechanism involves a redox cycle between Mn3+ and Mn2+ in agreement
with earlier concepts derived for Mn/Al2O3 catalysts [156–158]. Mn3+ was also
advocated as the most active state by Yoshikawa et al. [147] and Li et al. [159].

The disagreement with respect to the active oxidation states is most likely
related to the problem that the Mn oxidation states are not easily differentiated by
XPS. Due to multiplet splitting, the 2p lines of many 3d elements are broad and
asymmetric, and it is inappropriate to fit them with symmetric line profiles. The
problem has been nicely illustrated by Biesinger et al. recently [160]. Moreover,
binding energies of reference compounds for Mn3+ and Mn4+ (c-Mn2O3, MnO2)
are within just 1 eV [148], which would be challenging even with well-behaved
line profiles. Therefore, Mn 2p XPS, which is exclusively used by most of the
authors, is not an appropriate tool for the discrimination between Mn oxidation
states [148, 149]. Instead, the splitting of the Mn 3s signal (also by the multiplet
effect) gives better evidence for the oxidation state(s) present [161], however, due
to the rather weak intensity of this signal it has been rarely measured with sup-
ported catalysts.

Mixed oxides of manganese with other elements, e.g., with Fe [162] often
exhibit much better thermal stability and selectivity to N2 at only slightly
diminished activity (compared with pure Mn oxides). The improved properties
have been attributed to Mn–O–M (M=Cr, Fe, Ce) linkages [163–165], and ther-
mally stable stoichiometric compounds (CrMn1.5O4 [163], Fe3Mn3O8 [164]) have
been proposed to be active in these mixed-oxide catalysts. The redox chemistry
would then be distributed between two redox elements.
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Cerium is another redox element successfully applied in alternative catalysts for
NH3–SCR. It offers promising nitrogen selectivity and stability though at somewhat
lower activity. To exhibit these properties, Ce has to be deposited onto supports,
because the pure oxide is rather inactive unlike the Mn oxides. Apparently, the
bridging bonds between Ce and different elements (Ce–O–Ti in case of TiO2) are
important for SCR catalysis. This has been the rationale to develop very interesting
Ce/TiOx mixed oxide catalysts by homogeneous precipitation [166, 167]. In [167],
the Ce–O–Ti linkages were even detected by XAFS. Likewise, Ce–O–W bridges
have been considered responsible for promising properties of CeO2–WO3 copre-
cipitated catalysts [168]. Little is known about the most favorable active oxidation
state of the Ce cation. While the Lewis acidity of Ce4+ has stressed in [168], the same
authors considered the increased Ce3+ surface concentration (compared to CeO2)
favorable because of a concomitant formation of Brønsted sites [169].

7.6 Concluding Remarks

Research on heterogeneous catalysts is very much driven by the desire to identify
the active sites for useful reactions. The combined catalytic and characterization
work required for this generates an experimental basis and useful ideas for further
catalyst improvement. From such work, it appears that the SCR of NO by NH3 can
proceed on different site types over the most important catalysts known. For
vanadium-based systems, there is general agreement that binary V–O–V moieties
including a Brønsted site are the most active structures, and a well-accepted
mechanism is available for this site. At the same time, isolated (VO)2+ ions
exchanged into zeolites can catalyze the same reaction, apparently via a different
mechanism. According to recent studies, the W promoter creates an optimum
degree of isolation for the TiO2-supported binary V–O–V sites, which appear to
lose their reactivity when they are incorporated into large surface oxide patches.

For Fe- and Cu-modified zeolites, there is general agreement that NH3–SCR
can proceed on isolated cation sites, but their intrinsic activities appear to depend
in an unknown way on the cation position in the zeolite. There are indications for
the involvement of oligomeric oxide structures in catalysts as well although this is
not generally accepted. Fast SCR over Fe zeolites uses exclusively isolated sites,
probably a type stabilized as Fe2+ by two nearby framework Al ions.

Active site concepts for Mn- and Ce-based systems are not yet well developed,
which is partly due to problems in the reliable differentiation between oxidation
states in case of Mn.
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Chapter 8
Mechanistic Aspect of NO–NH3–O2

Reacting System

Masaoki Iwasaki

8.1 Introduction

This chapter delineates the mechanistic aspects of the NO–NH3–O2 reacting
system, also known as the standard SCR reaction. The standard SCR technology
was first developed in the 1970s, and thus has a long history in the research area of
catalyst development as well as the associated reaction mechanisms. Nevertheless,
the reaction mechanisms do not always coincide even among the most popular
systems such as the Cu or Fe ion-exchanged zeolites and vanadium-based cata-
lysts. However, such extensive research activities conducted might be reaching a
substantial agreement on several mechanistic details.

In this chapter, the reaction mechanisms of the standard SCR reaction are
discussed from various perspectives including steady-state kinetics, the relations
with NH3/NO oxidation ability and acid site amount, the effect of coexisting gases,
and transient reaction behavior. Through these comprehensive analyses, some
similarities and differences of the reaction mechanism among the conventional
SCR catalysts could be extracted. Also, new perspectives on standard SCR
mechanism could be suggested.

8.2 Steady-State Reaction Analysis

8.2.1 NH3/NO/O2, NH3/O2, and NO/O2 Reactions

To have a grasp of basic reaction behaviors, standard SCR as well as NH3/NO
oxidation reactions were investigated under steady-state condition. For the sam-
ples, three conventional SCR catalysts, V–W/TiO2, Fe/ZSM-5, and Cu/ZSM-5,
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were tested. Additionally, H–ZSM-5 was also tested as a reference. Figure 8.1a–d
shows the catalytic activity of standard SCR, NH3 oxidation, and NO oxidation
reactions. The compositions of the feed gas were as follows: 0.05 % NO, 0.06 %
NH3, 8 % O2, 10 % CO2, 8 % H2O with N2 for standard SCR; 0.1 % NH3, 8 %
O2, 10 % CO2, 8 % H2O with N2 for NH3 oxidation; 0.1 % NO, 8 % O2, 10 %
CO2, 8 % H2O with N2 for NO oxidation.

For standard SCR reaction (NH3/NO/O2 system) in Fig. 8.1a, Cu/ZSM-5
showed the highest activity in low temperature region (\300 �C), while Fe/ZSM-5
was the highest above 400 �C. On the other hand, H–ZSM-5 has little activity, and
also negative conversions were seen over 400 �C due to NH3 oxidation to NOx.
The conversion of V–W/TiO2 was nearly equal to that of Fe/ZSM-5 around
250 �C, though their temperature profiles differed slightly; V–W/TiO2 was more
active in the lower temperature (\200 �C), while the situation was the opposite in
the higher temperature ([300 �C), which is also verified by Arrhenius plots in the
Sect. 8.2.2. Since N2O was not detected for all the conditions, only the standard

SCR reaction (2NOþ 1=2O2 þ 2NH3 ! 2N2 þ 3H2O) progresses except for
unselective NH3 oxidation which was initiated at the higher temperature region
([400 �C).
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From Fig. 8.1b, NH3 oxidation without inlet NO started above 300 �C for all
the catalysts, which is much higher onset temperature than the SCR reaction. As
by-products, N2O was not detected for all the catalysts, and NOx was produced
only for H–ZSM-5 above 300 �C (Fig. 8.1c). It indicates that NH3 oxidation

reaction to N2 (2NH3 þ 3=2O2 ! N2 þ 3H2O) mainly proceeds for the three SCR
catalysts. As for H–ZSM-5, on the other hand, a large amount of NOx was pro-
duced from NH3, probably because the rate of NH3 oxidation to NOx should be
much faster than that of SCR reaction between produced NOx and residual NH3.

Figure 8.1d shows the NO oxidation conversion to NO2 under the NH3 absent
condition. For all the samples, the NO oxidation conversion was much lower than
SCR and NH3 oxidation conversions, suggesting that NO is hard to be oxidized.
Also, the NO oxidation ability (Cu–ZSM-5 [ Fe–ZSM-5 [ V–W/TiO2 & H–
ZSM-5 & Blank) does not necessarily coincide with the trend of SCR conversion
(Cu–ZSM-5 [ Fe–ZSM-5 & V–W/TiO2 � H–ZSM-5). However, NO oxidation
is believed to be a very important step in the SCR process, and thus it is discussed
in more detail in another section.

8.2.2 Apparent Activation Energy

The apparent activation energies of the Fe/ZSM-5, Cu/ZSM-5, and V–W/TiO2

catalysts were determined from the Arrhenius plots of the logarithm of the
apparent rate versus 1/T as shown in Fig. 8.2. The reaction rates were measured
with maintaining pseudo-differential condition. The composition of the gas was
kept as 0.05 % NO, 0.05 % NH3, 8 % O2, 8 % CO2, 10 % H2O with the remainder
N2. The temperature range was varied from 120 to 200 �C because in the higher
temperature region, other contributions such as diffusion limitation and/or NH3

oxidation might be affected [1, 2]. The apparent activation energies of the Fe/
ZSM-5 and Cu/ZSM-5 catalysts were estimated to be 64 and 66 kJ/mol which is
roughly equivalent. On the other hand, the V–W/TiO2 catalyst showed a more
gradual slope than the zeolites and the activation energy was estimated to be 50 kJ/
mol. This difference would be a main reason for the different temperature profiles
between Fe/ZSM-5 and V–W/TiO2 in Fig. 8.1a.

Efstathiou and Fliatoura [3] investigated the apparent activation energy of a V/
TiO2 catalyst while varying the NO and NH3 concentration (0.05–0.2 %) at
150–190 �C. They reported that the change of the activation energy with the NO
and NH3 concentration was small and obtained a value of 48.5 kJ/mol (11.6 kcal/
mol) under 0.1 % NO and 0.05 % NH3 [3], which agrees well with the values
estimated from Fig. 8.2.
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8.2.3 Apparent Reaction Orders

Reaction orders contain important information for predicting the rate-determining
step as well as the reaction mechanism. Apparent reaction orders can be estimated
by measuring the reaction rates with varying gas concentration (partial pressure)
under pseudo-differential condition. Figure 8.3 shows the dependence of the
standard SCR rate on the NO, O2, and NH3 concentrations over Fe/ZSM-5 and Fe/
BEA. Although the balance gas compositions were different for the two samples,
i.e., 10 % CO2, 5 % H2O, and N2 for Fe/ZSM-5 versus only N2 for Fe/BEA, both
showed identical dependence. The SCR rates increased with NO and O2 con-
centrations but slightly decreased with NH3 concentration. This indicates that the
standard SCR reaction is promoted by NO and O2 but is inhibited by NH3. Since
all the data gave linear relationships under the log–log plots, the reaction rate can
be simply expressed using the power law

rs ¼ kapp NO½ �a O2½ �b NH3½ �c

where rs is the standard SCR rate, kapp is the apparent rate constant, and a, b, and c
are the apparent reaction orders for NO, O2, and NH3, respectively. Thus, the
apparent reaction orders can be estimated from the slopes in Fig. 8.3, and are
summarized in Table 8.1 along with the reported literature data [4–10]. As seen
from Table 8.1, the reaction orders obtained here are comparable for the reported
values for Fe/zeolites [6–8]; the NO orders are slightly lower than first order, the
O2 orders are slightly lower than half, while the NH3 orders are negative.

Meanwhile, H–ZSM-5 shows approximately first order for O2 [9, 10]. The
reason for the difference in the O2 orders between H-type zeolites and Fe/Cu
zeolites could be due to the contribution of different forms of O2 toward the rate-
determining step; for instance, undissociated molecular O2 or dissociated atomic O
might participate in the elementary reaction.
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If one assumes that the rate-determining step in the standard SCR is the oxi-
dation of NO, the reaction order for the NO oxidation should have a similar value
with that for the SCR reaction. To confirm this presumption, the dependence of the
NO oxidation rate on the NO and O2 concentrations were investigated by using Fe/
ZSM-5 and Fe/BEA. The estimated apparent orders are listed in Table 8.1 along
with the relevant literature data [11]. The apparent reaction orders for the two Fe/
zeolites showed similar values despite different structure and coexisting gases.
Also, the reaction orders are nearly in accordance with the literature data reported
by Metkar et al. [11]. They measured the NO and O2 orders in the presence of NO2

feed as an inlet gas, and found that the reaction orders for NO and O2 did not
change when the inlet NO2 concentration was changed. By comparing the NO and
O2 orders between the NO oxidation and the SCR reaction (Table 8.1), one can
find a similarity which is nearly first order for NO and nearly half order for O2.
Thus, the rate-determining step in the standard SCR might be the NO oxidation
step. The same holds true when the activation energies are compared; Metkar et al.
[11] reported that the activation energy for the NO oxidation (39 kJ/mol) is nearly
equal to the activation energy for the standard SCR reaction (42 kJ/mol) over Fe/
ZSM-5.

However, there is a crucial difference between the two reactions, which is NO2

order for the two reactions; the order is positive for the SCR reaction [4], whereas
it is negative for the NO oxidation [11]. In fact, Iwasaki et al. [4] investigated the
NO2 order during NO/NO2/NH3 reaction system (the so-called fast SCR condition)
and found that the NO2 order is positive for Fe/ZSM-5. Also, Metkar et al. [11]
investigated the NO2 order during the NO oxidation and estimated to be -0.42 to
-0.49 for Fe/ZSM-5 and -0.89 to -1.00 for Cu/CHA. These differences would
result from the different behavior of NO2 on the surface; the NO2 produced is
consumed immediately by NH3 during the SCR reaction, whereas the NO2 and
nitrate products are strongly adsorbed on the surface during the NO oxidation
reaction, which is verified by in situ FT-IR in other chapter.
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8.2.4 Relationship with NO Oxidation Activity

As mentioned in Sect. 8.2.3, the oxidation of NO would be a crucial step in the
standard SCR reaction. In fact, there are many reports in the literature which
suggest that the SCR activity is correlated with the NO oxidation conversion when
the same type of active metal is compared [12–17]. On the other hand, some
literature indicates that there is no correlation between them especially when
comparing different active species, such as Fe and Cu [11, 18–20]. In this section,
the reason for this inconsistency has been discussed.

Figure 8.4 shows the relationship between the standard SCR conversion and
NO oxidation reaction conversion using Fe/zeolites prepared by different Fe
loading methods and Fe loading amounts. The data which is used from Ref. [13]
by Delahay et al. demonstrates a positive correlation between them, implying that
the active sites for NO reduction are identical with the NO oxidation sites. Fig-
ure 8.5 shows the relationship between standard SCR conversion and NO oxida-
tion reaction conversion when several Fe/zeolites with different pore structures and
Si/Al2 ratios were used [16]. As can be seen from the figure, the SCR conversion in
this case correlates well with the NO oxidation conversion. Thus, the activity
relationship is preserved even when different types of zeolites are used.

However, when the comparison is made between different kinds of active
metals, the SCR conversion does not always correlate with the extent of NO
oxidation. For instance, Metkar et al. [11, 19]. have reported that Fe/ZSM-5
showed a higher NO oxidation conversion than Cu/CHA, while Cu/CHA
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b sublimation with FeCl3_0.49, c ion-exchange with Fe(acac)3 followed by evaporation_0.96,
d ion-exchange by Fe(acac)3 followed by washing_0.21, e ion-exchange by Fe(NO3)3 followed
by precipitation_0.35
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possessed a greater SCR activity than Fe/ZSM-5. Thus, it seems that the SCR
activity is not dependent on the NO oxidation under the comparison between Fe
and Cu. The key to solve this discrepancy is that the determining factors for the
two reactions would be different. Delahay et al. [13] discussed that the difference
in activity between SCR and NO oxidation can only be explained if the NO
oxidation reaction is controlled by the desorption of NO2. In fact, the desorption
energy of NO2 from Fe/ZSM-5 is very high (138 kJ/mol) [21], and the same goes
for Cu/zeolites. Furthermore, the adsorption strength of NO2 is dependent on the
metal species; for example, Fig. 8.6 shows the NO2-TPD experiment reported by
Metkar et al. [11]. The NO2-TPD spectra indicate that NO2 is more strongly bound
to Cu/zeolite compared to Fe/zeolite [11]. The same result has been obtained by
Tronconi et al. [22]. These NO2-TPD results are in line with the reaction order
results that Cu/zeolite has larger negative NO2 order than Fe/zeolite as is stated in
the Sect. 8.2.3 and Table 8.1 [11].

Taking the above results into consideration, we can conclude that the oxidation
of NO in the absence of NH3 is strongly affected by the NO2 adsorption strength
which depends on the type of active metal used. In other words, the rate-deter-
mining step of the NO oxidation under NH3 absent condition would be the NO2

desorption process. Figure 8.7 shows NO oxidation scheme over metal ion-
exchanged zeolite by assuming that NO oxidation proceeds with the redox cycle of
the metal ions. As the states of the metal ions, both mononuclear and binuclear
states were considered. In this figure, the desorption step of the adsorbed NO2, that
is the reduction step of the metal ions from Mn+ to M(n - 1)+, would probably be
the slowest process, which should be determined by the type of metal.

Regarding standard SCR reaction, on the other hand, the NO2 desorption does
not seem to be the rate-determining step because produced NO2 should react with
NH3 immediately, which is elucidated and discussed in more detail in the other
sections. Therefore, it is difficult to make a correlation between SCR activity and
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NO oxidation when different active metals are compared. Nevertheless, the author
believes that the SCR activity is correlated with NO oxidation ability ‘‘in the
presence of NH3’’, simply because the fast SCR (NO/NO2/NH3 system) rate is
extremely faster than the standard SCR rate. The point is that NO oxidation
conversion (NO2 formation rate) under ‘‘NH3 absent condition’’ does not neces-
sarily correspond to NO oxidation ability under ‘‘NH3 present condition,’’ i.e.,
standard SCR condition. Thus, the author presumes that although NO2 is hard to be
desorbed from Cu sites, Cu would have a greater potential to oxidize NO to NO2

under NH3 present condition. However, quantifying this ability is very difficult
because the production rate of NO2 adspecies can hardly be measured in the
presence of NH3. Thus, an advanced technique which makes it possible to verify
the assumption is desired.

Fig. 8.6 NO2-TPD experiments carried out on Fe- and Cu-zeolite catalysts. NO2 adsorp-
tion = 150 �C; temperature ramp = 10 �C/min. Reprinted with permission from [11]

NO

NO2

O2

Redox site

M(n-1)+− −M(n-1)+

M(n−1)+

Mn+−O−Mn+

Mn+−oxo

ONO−Mn+

Fig. 8.7 Schematic
representation of catalytic
cycle for NO oxidation
reaction over metal-
exchanged zeolite catalysts.
Redox sites are associated
with oxo-metal (isolated or
binuclear) ion-exchanged
sites
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8.2.5 Effect of Coexisting Gases and Poisoning

Considering the practical use of SCR catalysts for diesel engines, we have to take
into account the possible effects due to the presence of other compounds such as
CO, CO2, H2O, HC, and the poisoning effect from SO2 which are all present
during the combustion of fuel. Figure 8.8 shows the standard SCR conversion of
Fe/BEA in the presence of CO2, H2O, and C3H6. The base gas was 0.1 % NO,
0.12 % NH3, and 8 % O2 with the remainder N2. When 10 % CO2 was added to
the base gas, the NOx conversion slightly declined, which indicates that CO2 has a
little inhibitory effect on the SCR reaction. Next, the addition of 8 % H2O and/or
333 ppm C3H6 to the base ? CO2 feed further lowered the NOx conversion. Here,
the addition of 333 ppm C3H6 decreased the activity much more than 8 % H2O
did, despite the low HC concentration. Additionally, the NOx conversion under the
presence of both 333 ppm C3H6 and 8 % H2O was higher than that in presence of
333 ppm C3H6 only, suggesting that H2O suppresses the strong inhibition by
C3H6. Thus, the degree of inhibitory effect on the SCR reaction follows the order:
C3H6 [ H2O [ CO2.

Li et al. [23] and He et al. [24] have investigated the effect of the regeneration
temperature on the Fe/ZSM-5 and Fe/BEA catalysts, respectively, after C3H6

poisoning. Figure 8.9a shows the change in the NOx conversions in response to the
presence (on) and absence (off) of C3H6 at several temperatures over Fe/ZSM-5
[23]. When 0.1 % C3H6 was added to the feed (10 min), all the conversions
decreased, but the extent of decrease differed with the temperature. Then, after the
removal of C3H6 from the feed (40 min), all the conversions except at 200 �C
recovered. However, the extent of recovery depended on the temperature; with no
improvement observed at 200 �C, while the conversions recovered to some extent
at 300 and 400 �C. At 500 �C, the NOx conversion completely recovered to the
initial conversion level before the addition of C3H6. Figure 8.8b shows the com-
parison of SCR activities of fresh, poisoned, and regenerated samples [23]. The
term ‘‘poisoned’’ means that the catalyst was pretreated with C3H6 containing gas
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at 200 �C, while ‘‘regenerated’’ means that the poisoned catalyst was treated at
550 �C in presence of 10 % O2. It can be seen that the NOx conversion of the
poisoned sample clearly decreased at 200–400 �C. However, the regenerated
sample showed almost similar activity to the fresh one, indicating that the catalyst
can be completely regenerated by the 550 �C treatment. In addition, an FT-IR
study suggested that the hydrocarbon oxygenates such as formate-, acetate-, and
nitrogen-containing organic compounds were created on the surface [23]. Thus,
they concluded that the major cause for the deactivation was the carbonaceous
deposition onto Fe3+ sites which are responsible for the oxidation of NO to NO2. In
fact, they have also confirmed that the NO oxidation activity was significantly
inhibited by the C3H6 poisoning [23].

Malpartida et al. [25] have reported the effect of HC types on the SCR reactivity
using Fe/ZSM-5. Figure 8.10 shows NO conversion when different types of HCs
(C3H6, C7H8, C10H22) coexisted [25]. The addition of any type of HC led to a
decrease in the NO conversion, but its effect was different for different HCs; the
rate of decline was limited in the case of C3H6 but was more significant in
the presence of toluene (C7H8) and decane (C10H22). In situ FT-IR observed
the deposition of C-species, and its quantity was dependent on the HCs;
C10H22 [ C7H8 [ C3H6, which is in the reverse order with respect to the NO
conversion [25]. Thus, they concluded that the most important effect from HC
poisoning at low temperature is the competitive adsorption between the hydro-
carbon molecules and NH3 onto the active Fe sites [25].

Next, the effect of SO2 poisoning and regeneration is presented. Figure 8.11
shows the influence of H2O and SO2 on the SCR conversion over Fe/ZSM-5 [26].
It is evident that SO2 exerts a poisoning influence at low temperature both in case
of dry as well as moist feed. Remarkably, this effect is reversed at a high tem-
perature, i.e., above 450 �C (723 K), the NO conversion is the highest even in the
presence of SO2.

Fig. 8.9 a The change in NOx conversions with response to the C3H6 on and off at 200–500 �C
for Fe/ZSM-5. b NOx conversions of fresh, C3H6 poisoned (at 200 �C), and regenerated (in 10 %
O2 at 550 �C for 30 min) samples. Gas composition = 0.1 % NO, 0.1 % NH3, 0.1 % C3H6

(when used), 5 % O2, and 2 % H2O with remainder He. Reprinted with permission from [23]
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Finally, the effect of regeneration on the SO2-poisoned catalysts is presented
[27]. First, hydrothermally aged samples (700 �C for 5 h) were poisoned by a feed
containing 30 ppm SO2 until the adsorption saturated at 300 �C, and was then
regenerated under standard SCR condition by maintaining at 550 �C for 10 min.
Figure 8.12 shows the NOx conversions before the SO2 poisoning and after the
SO2 regeneration for Fe/zeolites, Cu/ZSM-5, and V–W/TiO2. Obviously, all the
regenerated Fe/zeolites maintained equivalent activity with those free from SO2.
Meanwhile, the Cu/ZSM-5 catalyst greatly deteriorated even after the regenera-
tion. This suggests that the major cause of the deterioration is not the zeolite
structure but the type of ion-exchanged metal. Therefore, Fe/zeolites possess
a higher endurance for SO2 poisoning than Cu/zeolites in this case. In addition,

Fig. 8.10 SCR conversion of
Fe/ZSM-5 as a function of the
temperature for different HC
composition: without HC,
85 ppm C3H6, 85 ppm C7H8,
85 ppm C10H22, and 85 ppm
mixed HCs (17 ppm C3H6,
25 ppm C7H8 and 43 ppm
C10H22). Base gas
composition: 150 ppm NO,
150 ppm NH3, 300 ppm CO,
14 % O2, 4 % CO2, and 1 %
H2O with remainder Ar.
Reprinted with permission
from [25]

Fig. 8.11 Influence of H2O
and SO2 on the NO
conversion over Fe/ZSM-5.
Dry condition: 0.1 % NO,
0.1 % NH3, and 2 % O2 with
the remainder He. Moist
condition: as dry, with 2.5 %
H2O added, ‘+SO2’, with
200 ppm SO2 added.
Reprinted with permission
from [26]
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V–W/TiO2 shows also high endurance for SO2. Interestingly, regenerated V–W/
TiO2 has greater activity than SO2 free one at 500 �C. This is probably because the
SO2 poisoning inactivates aggregated V species which provoke NH3 unselective
oxidation at high temperature.

8.3 Transient Reaction Analysis

8.3.1 Periodic NH3 Supply

As the composition and the concentration of diesel exhaust gases vary significantly
depending on the engine operation, it is quite important to understand the transient
behavior of NOx reduction following NH3 supply and shutoff. In this section, the
effect of the periodical supply of NH3 on the NOx reduction behavior is presented.
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As a first test, symmetrical NH3 on/off cycles were conducted by changing the
switching time from 5/5 to 600/600 s/s at 200 and 250 �C. Figure 8.13a shows the
outlet NOx concentration with the Fe/BEA zeolite catalyst under 600/600 s
switching condition. The feed gas was a mixture having the composition: 0.1 %
NO, 8 % O2, 10 % CO2, 8 % H2O, and the remainder N2 with a periodical supply
of 0.2 % NH3. When NH3 was added to the feed, the NOx concentration quickly
decreased due to the SCR reaction, went through a minimum, and then slowly
approached a steady-state level. When NH3 was removed from the feed, the NOx

concentration was reduced to a greater degree than the steady-state level, went
through a minimum and then reached the inlet NOx value. Similar results have
been reported by many researchers [4, 5, 18, 28–30]. This indicates that the SCR
reaction using adsorbed NH3 continues even after the NH3 feed is shutoff, and
furthermore, the reaction is accelerated in the absence of gaseous NH3. In other
words, SCR is inhibited by the presence of gaseous NH3 and/or by a high coverage
of adsorbed NH3. In Fig. 8.13a, one can see that the degree of transient NOx
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reduction is pronounced at a lower temperature. This can be due to the following
two factors: First, the amount of adsorbed NH3 available for the SCR reaction
increases with decrease in the temperature [4, 28, 30, 31] and second, the inhib-
iting effect of gaseous NH3 and/or high NH3 coverage is intensified at a lower
temperature [4].

Figure 8.13b shows the average NOx conversion with change in the NH3 on/off
cycle time. Interestingly, under certain conditions the average NOx conversion
exceeded the steady-state conversion. It suggests that an intermittent supply of
NH3 is more effective than a continuous supply. Additionally, because of the
difference in the NH3 adsorption capacity, the maximum conversion at 200 �C is
shifted to longer cycle time (smaller frequency) as compared to that at 250 �C.
Thus, depending on the temperature there is an optimum NH3 on/off condition.
The optimum condition would be varied with several factors such as NH3 storage
capacity and W/F. Recently, the contributions of these parameters have also been
elucidated by fitting procedure of simulation studies [30, 32, 33].

Figure 8.13c shows the NOx profile with a commercial V–W/TiO2 catalyst. In
this case, the NOx concentration monotonically decreased and increased in
response to the NH3 on/off switching. The transient NOx removal behavior was
hardly observed in this case. This is probably due to the low NH3 adsorption
capacity of the V-based catalyst, which has been verified later. Figure 8.13d shows
the average NOx conversions with the V–W/TiO2 catalyst versus the NH3 on/off
cycle time. The average conversions were mostly less than the steady-state level.

Next, asymmetric NH3 on/off switching (on/off = 60/120 s) with variation of
the temperature (150–400 �C) were conducted. Figure 8.14a–c shows the average
NOx conversions for the Fe/ZSM-5, Cu/ZSM-5, and V–W/TiO2 catalysts. In case
of the Fe/ZSM-5 catalyst (Fig. 8.14a), the NOx conversions under the periodic
condition were higher than those under the steady-state condition below 300 �C,
which is in conformity with the result depicted in Fig. 8.13b. Similar enhancement
in the NOx reduction in the low temperature region was observed over H–ZSM-5
by Wallin et al. [28]. They have reported that NOx reduction was enhanced by up
to five times as compared to a continuous supply of NH3 by changing the NH3

pulse condition at 200–300 �C [28].
The same observation holds true for the Cu/ZSM-5 catalyst (Fig. 8.14b) below

250 �C. However, at 400 �C the periodic conversion is less than the steady-state
one. The reason for this lower activity for the periodic condition is probably due to
the decrease of the reaction selectivity between NO and NH3 [34, 35]. As shown in
Fig. 8.1b, Cu/ZSM-5 exhibits higher activity for NH3 oxidation than Fe/ZSM-5
and V–W/TiO2. Thus, it can be assumed that a part of the adsorbed NH3 is
consumed by O2 under NH3 off condition, leading to the lower activity for the
periodic measurement.

Meanwhile, the periodic conversions with V–W/TiO2 were roughly in accor-
dance with the steady-state conversions at the low temperatures (B250 �C).
However, in the high temperature region (C300 �C), the periodic conversions
greatly decreased despite the fact that the steady-state conversions monotonically
increased with the temperature. This is because the NH3 adsorption capacity
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available for the transient SCR reaction in case of the V–W/TiO2 catalyst is low,
especially at the high temperature. To confirm this, NH3-TPD spectra are pre-
sented in Fig. 8.15. In fact, the amount of desorbed NH3 from the V–W/TiO2

catalyst is very little compared to the zeolite-based catalysts.
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8.3.2 NO Pulse Reaction

To investigate the catalytic effect of Fe/ZSM-5 on the transient NOx reduction in
more detail, the NO pulse reaction test was conducted with monitoring of the N2

production [4]; NO pulses were introduced to a continuous gas flow consisting of
either 0 or 400 ppm NH3, 10 % O2, with the remainder He. Figure 8.16a shows the
N2 production rates in the presence and absence of the NH3 feed. In the presence of
NH3 (pulses 1–3), the N2 production rates were almost constant and increased with
increasing temperature. When NH3 was removed from the feed, the amount of N2

increased (pulse 4) and then decreased (pulses 5–10), suggesting that the SCR
reaction between the absorbed NH3 and pulsed NO is promoted in the absence of
NH3. The total amount of N2 produced in the absence of NH3 (pulses 4–10) which
corresponds to the amount of NH3 adsorbed is larger at lower temperatures [4, 31].

Figure 8.16b shows the N2 production rates when the presence and absence of
NH3 is repeated at the interval of three pulses. The N2 production rates in the first
NH3 absent region (pulses 4 and 10) were higher than those in the NH3 present
regions; this suggests that the promotional effect of the absence of NH3 is
repeatable. This is in conformity with the behavior observed during the periodical
NH3 supply test as shown in Fig. 8.13a.
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8.3.3 In Situ FT-IR Analysis

To trace the surface-adsorbed species during the transient NOx reduction, in situ FT-
IR analysis was applied. Analyzing the transient change of these adsorbates would
help in understanding the SCR mechanism and identifying the rate-determining step.

Before the transient reaction analysis, the steady-state adsorption species
formed when NH3/N2 or NO ? O2/N2 was passed over the Fe/BEA catalyst have
been presented. Figure 8.17a shows the difference spectra before and after
730 ppm NH3 flow at 150 �C. Prior to the NH3 adsorption, the sample was pre-
treated with 10 % O2 for 30 min at 550 �C followed by cooling it down to 150 �C.
A strong band at 1,450 cm-1 and a weak band at 1,680 cm-1 can be assigned to
the symmetric and asymmetric bending vibrations respectively, of chemisorbed
NH4

+ on the Brønsted acidic sites [12, 36, 37]. Meanwhile, weaker bands at 1,300
and 1,600 cm-1 can be assigned to the symmetric and asymmetric bending
vibrations respectively, of coordinately linked NH3 to Lewis acidic sites [12, 36,
37]. The bands at 3,275 and 3,355 cm-1 can be assigned to the N–H stretching
vibration of NH4

+ ions with the three hydrogen atoms bonded to the three oxygen
ions of the AlO4 tetrahedra (3H structure) [12, 36, 38]. The broad band between
2,600 and 2,900 cm-1 can be attributed to the N–H stretching vibration of
physisorbed NH3 [12, 36, 37]. Figure 8.17b shows the NH3-adsorbed spectra after
purging with 10 % O2/N2 at 150 �C. There is no change after the O2 purge,
suggesting that neither oxidation nor desorption of adsorbed NH3 occurred at this
temperature.

Figure 8.18a shows the difference spectra before and after NO ? O2 flow. After
pretreatment with 10 % O2 at 550 �C, the sample was treated with a flow of
1,000 ppm NO, 10 % O2 at 150 �C. A strong sharp band was observed at
1,635 cm-1 which can be assigned to nitro (NO2) group on the ion-exchanged Fe
sites [36, 39–41]. Thus, NO was oxidized to NO2 over the Fe sites and adsorbed
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there. Small bands at 1,575 and 1,875 cm-1 can be assigned to nitrate and NO
species, respectively, on the Fe sites [36, 39–41]. Additionally, a very weak broad
band at 2,150 cm-1 could be assigned to NO+ species adsorbed on the Brønsted
acidic sites [36, 39–41]. Figure 8.18b shows the NOx-adsorbed spectra after
purging with 10 % O2 at 150 �C. The bands at 2,150 and 1,875 cm-1 disappeared,
and only the NO2 and nitrate bands remained.

Next, a transient reaction test was carried out by introducing NO ? O2 onto
NH3 preadsorbed on the Fe/BEA catalyst at 150 �C. Figure 8.19a shows the peak
intensity profiles of the three main bands; 1,450 cm-1 (NH4

+), 1,635 cm-1 (NO2),
and 1,875 cm-1 (NO). When 0.2 % NO was added to 10 % O2 ? N2 feed (7 min),
the NH4

+ band slightly increased and then decreased with increase in the NO and
NO2 bands. After the disappearance of the NH4

+ band (13 min), the NO and NO2

bands reached a steady-state level (20 min). Interestingly, the NO band went
through a maximum at around 12 min, whereas the NO2 band increased sharply
after the NH4

+ band vanished (C13 min). Thus, the NO2 band was lower than the
NO band in the presence of the NH4

+ band, but it exceeded after the disappearance
of the NH4

+ band. In other words, the band intensities between NO and NO2

reversed before and after the disappearance of the NH4
+ band.

Figure 8.19b shows the intensity profiles of the NO and NO2 bands in the
absence of preadsorbed NH3. In this case, the NO2 band intensity remained con-
stantly higher than the NO band, which is consistent with the steady-state result
observed in Fig. 8.18a. Comparing Fig. 8.19a and b we can make the following
hypotheses: While the SCR reaction with using adsorbed NH3 was occurring, (a)
NO2 formation from the oxidation of NO is inhibited by adsorbed NH4

+, and/or (b)
the NO2 produced is immediately consumed via the reaction with the adsorbed
NH4

+. In any case, it could be said from this result that the rate-determining step of
the surface SCR reaction would be the formation of NO2 adspecies by NO oxi-
dation over the active Fe sites.
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8.4 Reaction Mechanisms

8.4.1 Vanadium-Based Catalysts

In this section, some mechanistic implications of the SCR reaction over vanadium
catalysts have been discussed based on the previous literature. The standard SCR
reaction over V-based catalysts is generally considered to occur between the
strongly adsorbed NH3 and gaseous or weakly adsorbed NO [42–49]. The pro-
posed reaction mechanisms often involve two adjacent vanadium species, namely
the terminal oxygen species, i.e., V ¼ O (redox sites), and the hydroxyl group, i.e.,
V�OH (Brønsted acidic sites). Topsøe et al. [44–46] suggested that the reaction
scheme involves the adsorption of NH3 on the Brønsted acidic sites (V5þ�OH)
followed by activation of adsorbed NH3 via reaction at the redox sites (V5þ ¼ O):
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V5þ�OH þ NH3 $ V5þ�ONH4

V5þ�ONH4 þ V5þ=O$ V5þ�ONHþ4 �O�V4þ

This activated form of NH3 reacts with gaseous or weakly adsorbed NO, pro-
ducing N2 and H2O, and leading to partially reduced state (V4þ �OH). This
reduced species could be reoxidized by oxygen to the V5þ=O species.

V5þ�ONHþ4 �O�V4þ þ NO ! N2 þ H2O þ V5þ�OH þ V4þ�OH

V4þ�OH þ 1=4O2 $ V5þ=O þ 1=2H2O

Topsøe et al. [44–46] reported that under high O2 concentration condition
([1 %), the NH3 activation step is fast and equilibrated, and thus the rate-limiting
step is the reaction of NO with activated NH4

+.
Kamata et al. [48] estimated the ratio of the redox sites (V5þ¼ O) to the Brønsted

acidic sites (V5þ�OH) by steady-state kinetic analysis. The relative amount of
V5þ¼ O sites varied from *0.1 to *0.4 with the partial pressure of O2, indicating
that the number of V5þ¼O sites are less than the number of V5þ�OH sites.

Roduit et al. [1] proposed a global kinetic model for the standard SCR reaction
based on V-based catalysts. The kinetic model accounts for three different reac-
tions and intraparticle diffusion. The three reactions are Langmuir–Hinshelwood;
LH-type SCR, Eley–Rideal; ER-type SCR, and direct NH3 oxidation. The main
SCR pathway proceeds via the ER-type mechanism, but in the low temperature
region (T B 200 �C), LH-type reaction occurs. Furthermore, at high temperatures
(T C 300 �C), NH3 oxidation and intraparticle mass transfer also takes place [1].

Tronconi et al. [50, 51] observed a transient improvement of SCR activity just after
NH3 shut off at low temperature. From this result, they pointed that the inhibitory
effect of NH3 cannot be accommodated by a simple ER kinetics assuming the reaction
between adsorbed NH3 and gaseous NO. They, then proposed that NO is oxidized by
the V catalyst to a nitrite species, but the equilibrium is highly unfavorable and shifts
to the right only in the presence of NH3 [52]. The NH3 which adsorbs on nearby acidic
sites react with the nitrites to give N2 and H2O via decomposition of unstable
ammonium nitrite intermediates, for example, according to

V5þ=O þ NO $ V4þ�ONO;

V4þ�ONO þ NH3� ! N2 þ H2O þ V4þ�OH;

where NH3* represents adsorbed ammonia on the acidic sites. In this case, the
inhibitory effect of NH3 could be more easily explained by either a competitive
adsorption of NH3 onto the V sites involved in NO activation or an adverse
electronic interaction of the adsorbed NH3 with the vanadium oxidizing centers
[52].

Taking into account the above contributions, the SCR schemes at low tem-
perature condition can be generalized as in Fig. 8.20. The catalytic cycle could be
divided into two parts which takes place on; (a) acidic sites meant for NH3
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adsorption/activation and (b) redox sites meant for adsorbed NH3 activation and
NO adsorption/activation. This reaction mechanism suggests the requirement of
two types of surface vanadium atoms. Many papers have suggested that the NOx

conversion is correlated with the amount of V¼O sites, and concluded that the
redox site is indispensable to induce the SCR reaction [42, 44, 48, 49]. However,
assuming the usage of transient SCR with preadsorbed NH3, the amount of acidic
sites would also play a key role, because very little NH3 can be adsorbed and
available for the transient SCR reaction.

8.4.2 Fe- or Cu-Exchanged Zeolite Catalysts

Numerous studies have been conducted to reveal the SCR reaction mechanism [4,
8, 18, 30, 35–37, 53–57] as well as active species [7, 58–66] for metal-exchanged
zeolites. Recently, spectroscopic studies including EXAFS analysis revealed that a
binuclear structure (M–O–M) is created on the ion-exchanged sites [60–63]. Also,
it has been commonly accepted that such binuclear species play an important role
as active sites for several reactions such as N2O/NO decomposition [67–70] and
C6H6/CH4 oxidation by N2O [71–74]. Komatsu et al. [5] hypothesized that paired
Cu2+ is the active copper species in view of the relationship between the SCR
activity and the copper concentration. Similarly, Chen and Sachtler [58], and
Mauvezin et al. [59] assumed that an oxygen-bridged binuclear iron complex acts
as the active site for the SCR reaction because CO consumption in CO-TPR was
nearly half of the amount of Fe. Schwidder et al. [29, 64] and Brandenberger et al.
[7, 65] suggested that not only mononuclear Fe but also the binuclear species
contribute to the SCR reaction.

For the SCR mechanism, Delahay et al. [13, 75] proposed a Fe2+/Fe3+ (or Cu+/
Cu2+) redox cycle as a part of the SCR scheme; the extra-framework oxygen on
Fe3+ (Cu2+) oxo/hydroxo species reacts with NO to form a surface nitrogen oxide
intermediate (Fe3+–NxOy or Cu2+–NxOy). Then, this species reacts with NH3 to
form N2 and H2O with concomitant reduction of Fe3+ (Cu2+) to Fe2+ (Cu+) species.
The Fe2+ (Cu+) species is reoxidized back to Fe3+ (Cu2+) oxo/hydroxo species by
O2 [13, 75].

V5+−OH

V5+−ONH4 V5+=O

V4+−OH

V5+−ONH4
+−ONO−V4+

NH3

NO

‡

N2 + H2O

O2

H2O

Acid site Redox site

Fig. 8.20 Schematic
representation of catalytic
cycle for standard SCR
reaction over vanadium-
based catalyst. Acidic site
and redox site are associated
with V5þ�OH and V5þ¼O,
respectively
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Considering these previous reports, one can assume the following general SCR
mechanism (Fig. 8.21): First, the reaction sites would be composed of acidic sites
and redox sites similar to the V catalyst. However, in some cases, there is a
possibility that one site can possess both the properties. For the acidic sites, the
ion-exchanged metal sites (Brønsted or Lewis type) or residual free proton sites
(Brønsted type) can be expected. Strong NH3 adsorption on such acidic sites
during the SCR reaction has been reported in the literature [36, 37, 54]. Regarding
the redox sites, the ion-exchanged metal cations (mononuclear and/or binuclear
oxo species) can be expected. From TPR study, these sites are known to be easily
reduced compared to extra-framework bulk metal oxides [63, 73, 76–78]. Also,
Nobukawa et al. [73, 74] reported that very reactive oxygen atoms can be created
over the binuclear Fe sites after N2O treatment, and that it can desorb easily during
a TPD run. This reactive oxygen atom in the nascent state is able to oxidize CH4 to
CO/CO2 which is one of the difficult reactions to occur [73, 74].

By comparing the SCR scheme (Fig. 8.21) with NO oxidation scheme
(Fig. 8.7), one can find similarities and differences. First of all, both reactions
seem to progress via similar redox cycles of the active metal. However, judging
from the reaction kinetic analysis discussed in Sects. 8.2.3 and 8.2.4, the rate-
determining step of NO oxidation would be NO2 desorption process. As for the
SCR reaction, on the other hand, the process prior to the formation of NO2 related
adspecies (e.g., nitrite or nitrate intermediate) would be the rate-determining step,
as is discussed in Sect. 8.3.3. Therefore, the slowest step in the redox cycles would
be different in the two reactions.

For the SCR reaction, NO activation to form NO2 species would be the key step.
For a deeper understanding of the SCR mechanism, further reaction kinetic analysis
combined with tracing the reversible valence change of active metal is necessary.
However, it can be said from the result of Sects. 8.3.1 and 8.3.2 that gaseous and/or
high coverage NH3 inhibits the rate-determining step, and thus reaction rate can be
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Mn+−OH
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N2 + H2O
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Acid site Redox site

Zeo−ONH4
+

Mn+−ONH4
+

M(n-1)+− −M(n-1)+

M(n−1)+

Mn+−O−Mn+

Mn+−oxo

Mn+−ONH4
+···−ONO−Mn+

Fig. 8.21 Schematic
representation of catalytic
cycle for standard SCR
reaction over metal-
exchanged zeolite catalysts.
Acid sites are associated with
Lewis or Brønsted sites at
ion-exchanged metal or free
proton sites. Redox sites are
associated with oxo-metal
(isolated or binuclear) ion-
exchanged sites
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promoted by improving the reaction conditions such as adapting the periodic
operation. Additionally, the acid site amount is also an important factor affecting the
SCR activity especially for the periodic operation condition.

8.5 Conclusions

In this chapter, the mechanistic aspects of the NO–NH3–O2 reacting system were
addressed by using three conventional SCR catalysts, Cu or Fe ion-exchanged
zeolites and V–W/TiO2. There had been several differences among the catalysts.
For instance, the temperature profiles of SCR activity were different between the
zeolite-based catalysts and V–W/TiO2. Regarding the tolerance for SO2 poisoning,
Fe/zeolite and V–W/TiO2 showed high durability, while Cu/zeolite greatly dete-
riorated in the low temperature activity due to the different affinity between the
active metals and sulfur.

Also, the periodic operation (NH3 on/off cycling) had positive effect on the low
temperature activity for Fe- and Cu-exchanged zeolites, because of strong inhi-
bition by gaseous NH3 and/or high NH3 coverage. For V–W/TiO2, on the other
hand, the periodic operation had not positive effect but negative especially under
high temperature condition due to its lower NH3 storage capacity.

However, the reaction mechanism could be depicted as common schemes
which would be composed of (a) acidic sites meant for NH3 adsorption/desorption,
and (b) redox sites meant for NO oxidation and forming NOx–NHy intermediate
species. Although the SCR activities of the three catalysts were not always cor-
related with NH3/NO oxidation abilities as well as acid site amount, each property
plays an important role for explaining the reaction behaviors under high temper-
ature and/or periodic conditions, as well as determining the reaction mechanisms.
In situ FT-IR analysis of the SCR reaction between NO ? O2 and preadsorbed
NH3 over Fe/zeolite suggested that the rate-determining step of the surface SCR
would be the formation of NO2 adspecies by NO oxidation over Fe sites, which is
an important insight to clarify the detailed SCR mechanism.
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Chapter 9
The Role of NO2 in the NH3–SCR
Catalytic Chemistry

Enrico Tronconi and Isabella Nova

9.1 Introduction

As discussed in other chapters of this book, ammonia SCR was first introduced
over three decades ago to control NOx emissions from power stations and other
stationary sources. It is nowadays an extensively investigated and very well-known
process, being still the best available commercial DeNOx technology for effi-
ciency, selectivity, and economics.

It relies primarily on the so-called Standard SCR reaction, wherein NH3 reduces
NO in the presence of oxygen to harmless N2 and H2O. Classical catalysts are
ternary mixed oxide systems based on V2O5–WO3/TiO2, and the operating tem-
perature window is rather narrow, namely 300–400 �C.

At the beginning of the new century, the automotive industry started to develop
NH3—or urea SCR systems to reduce NOx contained in the exhaust gases of
internal combustion engines operated with excess air, such as, for example, Diesel
engines. To transfer the SCR technology from stationary sources to vehicles,
however, the OEMs had to face a number of engineering challenges. Many such
challenges have to do with the more complex chemistry resulting from the pres-
ence of NO2 in the SCR reacting system in addition to NO. In most EGA con-
figurations, in fact the exhaust gases from the engine, containing mostly NO, are
passed over an oxidation catalyst (DOC) before reaching the SCR converter
downstream. Over the DOC, HCs and CO are completely oxidized, and NO is
partially oxidized to NO2. But NO2 originates additional reactions over the SCR
catalyst, including the very important Fast SCR reaction, which boosts the DeNOx
activity at low temperature, especially over V-based and Fe-zeolite catalysts.

Indeed, at the start of the mobile SCR applications the catalytic mechanism and
the kinetics of the full NO–NO2–NH3 reacting system were still largely debated,
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preventing an effective quantitative description. The aim of this contribution is to
review the catalytic chemistry associated with the urea SCR technology, focusing
specifically on the steps involving NO2: for this purpose we will use data and
results from the investigation of several SCR catalysts performed in our labs
during the last decade.

In the following we will address first the adsorption—desorption of NOx on SCR
catalysts to show that not only the storage of ammonia, as universally recognized,
but also the storage of nitrates on the catalyst surface may be quite relevant to the
dynamic behavior of SCR systems. We will then proceed to prove that such surface
nitrates are not just spectators, but actually play a crucial role in the SCR catalytic
chemistry. This will set the stage for demonstrating the individual mechanistic steps
associated with the important Fast SCR reaction, using transient reaction analysis.
The mechanisms of ammonium nitrate formation and of the NO2–SCR reaction will
be also discussed. Potential implications of the resulting overall mechanistic picture
will be illustrated in the last section of the chapter: here, we will introduce the
Enhanced SCR reaction, wherein nitrates, rather than being formed and converted
as intermediates, are intentionally cofed (in the form of an aqueous solution of
ammonium nitrate) along with NO and NH3 to the SCR catalyst in order to boost the
low-temperature DeNOx activity to the same levels of the Fast SCR reaction,
without the need of including NO2 in the NOx feed mixture.

9.2 Experimental

Catalytic activity data herein reported were collected over state-of-the-art com-
mercial vanadium-based, Fe- and Cu-promoted zeolite SCR catalysts. The original
monolith samples were crushed to powder, sieved, and loaded in a quartz mi-
croflow reactor (60–80 mg) consisting of a quartz tube (6 mm i.d.) placed in an
electric oven. This experimental setup affords isothermal operation of fast tran-
sients in a chemical regime, free of any diffusional intrusions. He as carrier gas
enables evaluation of N-balances.

The reactor outlet was directly connected to a quadrupole mass spectrometer
(Balzers QMS 200) and to a UV-analyzer (ABB LIMAS 11HW) in parallel. NH3,
NO, NO2, N2O, O2, and He were dosed from bottled calibrated gas mixtures by
mass flow controllers, while water vapor was added by means of a saturator. The
catalyst temperature was measured by a K-type thermocouple directly immersed in
the catalytic bed.

The catalysts were typically conditioned in a T-ramp at 5 �C/min up to 600 �C
in 8 % O2 v/v, and 8 % H2O v/v followed by hold at 600 �C for 5 h. Kinetic runs
included transient and steady-state isothermal experiments in the 150–550 �C
temperature range. Typical feed concentrations of NOx and NH3 ranged between 0
and 1,000 ppm, always in the presence of O2 (8 % v/v), H2O (8 % v/v) unless
otherwise specified, with balance He. A detailed description of the experimental
equipment and procedures can be found elsewhere [1–3].
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9.3 Surface Storage of NOx

9.3.1 NO2 Adsorption/Desorption

It has been well known for many years that NH3 gets strongly adsorbed onto the
acidic SCR catalysts and reacts with NOx from the adsorbed state. Indeed, the
dynamic behavior of SCR converters is largely dominated by the balance between
the rates of NH3 adsorption, desorption, and surface reaction [4] with NOx. On the
other hand, NO is known to adsorb in negligible amounts onto SCR catalysts;
however, this is not the case for NO2. Figure 9.1 compares NO2 concentration step
feed experiments over a Cu- and a Fe-zeolite SCR catalyst. It is clearly apparent
that NO2 is stored in significant amounts onto both catalysts until saturation: at the
same time, NO evolution is observed.

Several literature reports confirm, in fact, that zeolite catalysts are able to
adsorb NO2 in the form of nitrates. NO2 chemisorption can be described by the
following two-step mechanism, schematically representing disproportionation and
heterolytic chemisorption of NO2 to form surface nitrites and nitrates, step (9.1),
followed by NO2 oxidizing the nitrites to nitrates, step (9.2):

2NO2 þ O2� $ NO�3 þ NO�2 ð9:1Þ

NO2 þ NO�2 $ NO þ NO�3 ð9:2Þ

The combination of (9.1) and (9.2) results in the following global
stoichiometry,

3NO2 þ O2� $ NO þ 2NO�3 ð9:3Þ

where one mole of gaseous NO is produced for every three moles of adsorbed
NO2. Figure 9.1 confirms that such a proportion was approximately respected in
our experiments: e.g., a NO/DNO2 ratio of about 0.35 was indeed observed over
the Cu- and the Fe-zeolite systems, in agreement with (9.3).

The nitrates storage capacity of the two zeolite systems at 50 �C was deter-
mined from Fig. 9.1 taking into account the stoichiometry of reaction (9.3),
resulting in about 0.87 and 0.50 mmol/gactive phase for the Cu- and the Fe-zeolite,
respectively. Expectedly, the storage capacity was found to decrease with
increasing adsorption temperature.

In a first attempt to confirm the presence of nitrates onto the catalyst surface,
and in order to study their thermal stability, TPD runs were performed after
saturation of the catalyst samples with NO2. During the temperature ramps evo-
lution of NO2, NO and oxygen were indeed recorded, in line with what was
already observed over other zeolite systems [5, 6] and over V2O5–WO3/TiO2

catalysts [7].
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Figure 9.2 compares the NO2 traces from TPD runs after NO2 adsorption at
50 �C over the Fe- and the Cu-zeolite catalysts. In addition to the low-T peak
associated with physisorbed species, an important NO2 peak from nitrates
decomposition was observed above 200 �C over both systems: it appears however
that nitrates formed by NO2 disproportionation were more stable on the Cu catalyst.
This aspect is possibly correlated with the different activity performances exhibited
by the two catalysts in the Fast SCR and in the NO2–SCR reactions [8, 9].

9.3.2 FTIR in Situ Study of NO2 Adsorption

FT-IR in situ transient reaction analysis was also applied to investigate in more depth
NO2 storage on a commercial Fe–ZSM–5 (Zeolyst) sample [10]. The FT-IR data
were collected in the transmission mode in a flow cell adapted to ensure full mixing
and a fast response to isothermal concentration step changes of the feed concen-
tration. The study clearly identified the formation of various ferric nitrates as the
prevailing and stable terminal products of NO2 storage on Fe–ZSM–5. Other
detected surface intermediates included nitrosonium ions (NOþ) in cationic posi-
tion, likely exchanging the proton of the Si–OH–Al bridge in the zeolites, originated
by disproportionation/heterolytic chemisorption of NO2 [6], and Fe(II) NO nitrosyls
from NO adsorption onto reduced Fe sites. The formation of nitrite (NO2

-) inter-
mediates was not detected, which is explained by their high reactivity and/or by the
superposition of their IR features on the reflexes of the zeolites: their participation in
the surface chemistry is however quite likely, in view of the detection of NO+

adspecies, which share the same N oxidation state (+3) and are closely related to the
nitrites by equilibria such as NO+ ? O2- / ? NO2

-. Such conclusions are well in
line with several recent publications from the IR spectroscopy literature addressing
the adsorption of NO2 on metal-exchanged zeolites [11–13].
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9.3.3 Effect of the Catalyst Redox State on NO2 Adsorption

The effect of the catalyst red-ox state on the adsorption of NO2 on Fe- and Cu-
promoted zeolite SCR catalysts has been found to be also quite significant [14]. In
this study, the catalysts were either preoxidized or prereduced prior to NO2

adsorption by exposing them to O2 or to NH3, respectively, at high temperature.
For both catalytic systems, results from the analysis of the gas phase during NO2

step feed changes in the absence of gaseous water emphasize an important role of
the catalyst red-ox state in the dynamics of NO2 adsorption: the molar ratio of
released NO to converted NO2 was close to 1/3 in the case of oxidized catalysts, in
line with the two-steps mechanism leading to the formation of surface nitrates,
reactions (9.1)–(9.3), but was significantly greater when the catalyst was prere-
duced. This is shown for example for the Fe-zeolite in Fig. 9.3a, b. The extra NO
evolution is explained considering that, before being stored in the form of nitrates,
NO2 effectively oxidizes the reduced catalyst, while being reduced to NO.

It was also found that the initial catalyst red-ox state influences the amount of
nitrates adsorbed on the catalyst surface, the prereduced sample exhibiting a
greater storage capacity (see Fig. 9.3c, d). In line with the literature reports [13],
the greater amount of stored nitrates observed on the prereduced samples of both
catalysts can be justified invoking the redispersion of Fe and Cu ions during the
reduction phase, which thus provides additional sites for nitrates storage.

Another interesting finding from this study was that, in the case of the Fe-
zeolite, the NO2 adsorption/desorption dynamics over the preoxidized catalyst
were essentially unaffected by the presence of gaseous oxygen (see Fig. 9.3a–d).

A different situation was noted in the case of the Cu-zeolite catalyst, for which a
significant effect of the oxygen on the NO2 adsorption dynamics was apparent.
Indeed, when oxygen was present in the feed stream together with NO2, a lower
amount of NO was produced upon NO2 step feed with respect to what observed
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over both the preoxidized and the prereduced samples, with NO/DNO2 ratio of
about 0.35–0.38 in line with those expected from an oxidized catalyst. Accord-
ingly, we can speculate that the preoxidizing procedure was not completely
effective over the tested Cu-zeolite sample. Indeed the catalyst, prior to NO2

adsorption, was flushed with helium at 200 �C. We can thus assume that, in the
case of the tested Cu-zeolite a partial reduction of the catalytic surface occurred at
200 �C during the catalyst exposure to an inert atmosphere [15]. This was not
observed in the case of the Fe-zeolite, which suggests a greater reducibility of the
Cu catalyst.

Thus, it seems now well established that the presence of NO2 in the NH3–SCR
reacting system involves the formation of nitrates adspecies in significant amounts
over both Fe- and Cu-promoted zeolites catalysts. The similarity with the chem-
istry of NOx storage onto Pt–Ba/Al2O3 Lean NOx Traps (LNT) has been noted in
this respect [16]. At this point, the question is whether such species are just
spectators or rather participate actively in the NH3–SCR mechanism. We address
this important issue in the next paragraph.
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9.4 The Role of Surface Nitrates in the Fast SCR
Mechanism

9.4.1 NH3 1 NOx Temperature Programmed Reaction
(TPR) Runs

Information concerning the involvement of surface nitrates in the NO/NO2–NH3

SCR reactivity is provided by Fig. 9.4, wherein we compare the T-dependences of
NO conversion over a Fe-zeolite catalyst measured during four different
NO ? NH3 Temperature Programmed Reaction (TPR) experiments with equal
space velocities and heating rates (20 K/min), but with different feed gas com-
positions [1].

In the experiment associated with curve A the feed included NO ? NH3

(1,000 ppm each) ? H2O (1 % v/v), but no oxygen: the observed temporal evo-
lution of the outlet concentrations, indicating the onset of a DeNOx activity only
above 300 �C, was found expectedly in agreement with the so-called ‘‘Slow’’ SCR
reaction, i.e., the poorly active DeNOx reaction between NO and NH3 which
proceeds in the absence of oxygen,

3NO þ 2NH3 ! 5=2N2 þ 3H2O ð9:4Þ

When the same Temperature Programmed Reaction (TPR) experiment was
replicated with 2 % O2 v/v in the feed (curve B), a greater DeNOx activity was
observed as a result of the occurrence of the Standard SCR reaction (9.5) instead of
the slower reaction (9.4).

4NH3 þ 4NO þ O2 ! 4N2 þ 6H2O ð9:5Þ

Curve C shows the even much higher DeNOx activity resulting from running
the same T-ramp with a feed containing 1,000 ppm of NH3 and 500 ppm each of
NO and NO2: curve C is of course representative of the NO (and NOx) conversion
in the Fast SCR reaction (9.6):

4NH3 þ 2NO þ 2NO2 ! 4N2 þ 6H2O ð9:6Þ

Whose rate is known to largely exceed the rate of Standard SCR (9.5) at low
temperatures.

During the fourth and final Temperature Programmed Surface Reaction (TPSR)
experiment, associated with curve D, a feed containing NO ? NH3 (1,000 ppm
each) ? H2O (1 % v/v), but no oxygen and no NO2, was passed over a catalyst
sample preexposed to 1,000 ppm of NO2 ? 1 % H2O at 60 �C. Figure 9.4 shows
that during the initial part of this T-ramp, up to about 200 �C, the evolution of the
NO conversion matched closely that observed in the case of the Fast SCR TPR
run, curve C. In the following part of the experiment the NO conversion dropped
sharply close to zero, before eventually approaching the behavior observed for the
Slow SCR reaction, i.e., curve A.
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A plausible rationalization of the similarity between the initial parts of curves C
(Fast SCR) and D (NO ? NH3 over catalyst pretreated with NO2) in Fig. 9.4 is that
in both cases NO and ammonia in the feed were reacting with surface nitrates, either
directly and simultaneously formed via NO2 disproportionation (curve C), or pre-
viously formed and stored on the catalyst during its pretreatment with NO2 (curve
D). It is worth emphasizing that in this experiment the DeNOx activity in the
presence of surface nitrates (but in the absence of gaseous NO2) was found virtually
identical to that associated with the Fast SCR reaction in the low temperature region
up to about 200 �C. This is quite consistent with other transient experiments
showing that both over Fe-zeolite [1] and over V2O5/WO3/TiO2 [17] the rate of
reduction of ammonium nitrate at the catalyst surface by NO at low temperature
(around 170 �C) was essentially identical to that of the Fast SCR reaction.

The drop of NO conversion exhibited by curve D at T [ 200 �C in Fig. 9.4 is
explained by depletion of surface nitrates; in fact, in another similar experiment
(not reported), wherein the catalyst had been pretreated with NO2 at 150 �C rather
than at 60 �C, an earlier drop in the NO conversion was observed due to the
reduced amount of nitrates stored at the higher temperature. Eventually, the match
between curves D and A at T [ 300 �C confirms the absence of any residual
oxidizing agent (but NO) in the final part of the T-ramp experiment over the NO2

pretreated sample.
Similar TPR experiments performed over a Cu-zeolite catalyst provided similar

results.
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9.4.2 Role of Nitrates in the NO/NO2–NH3 SCR Mechanism

The TPR data in Fig. 9.4 clearly prove that the DeNOx activity grows with
increasing oxidizing potential of the SCR reaction environment. Essentially, they
provide a ranking of the oxidizers involved in the NH3–SCR reactions, with NO
being a poorer oxidizer than O2, which is in turn a much less powerful oxidizer
than NO2/nitrates. This is in line with a red-ox interpretation of the NH3–SCR
chemistry wherein catalyst reoxidation is the slow, rate controlling step of the red-
ox cycle at low temperature [7, 18]. In addition, the comparative analysis of curves
C and D in Fig. 9.4 further demonstrates that the oxidizing power of NO2 is
actually not different from that of surface nitrates. While this result does not rule
out a direct participation of NO2 in the SCR chemistry, it suggests however that
surface nitrates, rather than gaseous NO2, may be responsible for the rapid catalyst
reoxidation in the case of the Fast SCR reaction over Fe-zeolites, as proposed in
the past for V-based catalysts [7].

So far we have proven that not only nitrates are stored onto Fe- (and Cu-)
zeolite catalysts in the presence of NO2, but also that they do participate effectively
in the NH3–SCR catalytic chemistry, being indeed responsible for the very high
DeNOx activity associated with the Fast SCR reaction. In the next paragraph we
make use of transient reaction analysis to elucidate in more detail the reactivity of
surface nitrates with NO and NH3, i.e., the SCR reactants: in so doing, we will also
explore the individual steps of the Fast SCR mechanism.

9.5 Mechanistic Studies by Transient Response Methods

We summarize in this Section a kinetic investigation of the NO2–related SCR
reactions performed by running transient response experiments over a Cu-zeolite
catalyst [2]. Its goal was to challenge our mechanistic understanding of the SCR
catalytic chemistry on a quantitative basis, describing the kinetics of the important
NO/NO2–NH3 SCR reactions by a set of pseudoelementary steps, rather than
adopting empirical global rate equations. The transient kinetic runs consisted of
isothermal concentration step changes, temperature programmed desorption
(TPD), and temperature programmed surface reaction (TPSR) experiments. All the
runs were performed in the absence of oxygen in order to prevent any contribu-
tions from the Standard SCR and NH3 oxidation reactions, since the study was
intentionally focused on the mechanistic role of NO2. On the opposite, water was
always included in the feed stream, in line with real engine exhausts composition.
The experimental results were used to estimate intrinsic rate parameters of all the
reaction steps in a detailed kinetic mechanism [2]. For the purpose of the present
contribution, however, we will discuss the mechanistic information only on a
qualitative basis.
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9.5.1 Reactivity of Surface Nitrates with NO and with NH3

Assuming that nitrates have been formed by NO2 interaction with the catalyst, as
shown in the previous paragraph, we proceed here to examine their reactivity with
ether one of the other two Fast SCR reactants, namely NO and NH3.

The reactivity of surface nitrates with NO is demonstrated by a transient
experiment where we first adsorbed NO2 (1,000 ppm, concentration step change,
in a stream of water (3 % v/v) and Helium) on the Cu-zeolite at 200 �C, then we
added 1,000 ppm of NO to the water/Helium feed stream, and eventually per-
formed a T-ramp where the catalyst temperature was linearly increased from 200
to 550 �C at 20 �C/min.

The results of the full experiment are displayed in Fig. 9.5. In the first stage,
saturation of the catalyst by NO2 is apparent, with the associated NO evolution
indicating formation of surface nitrates according to (9.1)–(9.3).

Upon NO feed an immediate evolution of NO2 was detected, then the latter
species rapidly dropped to zero while NO approached its feed value. A similar
behavior had been observed also over V-based [19] and Fe-zeolite SCR catalysts
[20]. In analogy, also over the herein tested Cu-zeolite the formation of NO2 was
likely associated with the prompt reduction of nitrates to nitrites by NO and the
subsequent reaction of nitrites and nitrates to give NO2, according to the reverse of
reactions (9.2) and (9.1), respectively. During the subsequent T-ramp (TPSR
phase), only a limited additional oxidation of NO with corresponding production
of NO2 was detected, again likely related to the reduction of adsorbed nitrates. The
presence of residual surface nitrates during the TPSR phase was also confirmed by
additional dedicated TPSR runs with NH3, not reported for brevity, which showed
some N2 evolution. An analogous test was also performed at 50 �C (not shown),
which confirmed the same qualitative behavior, thus emphasizing the reducibility
of surface nitrates by NO at temperatures as low as 50 �C, as also observed over
Fe-zeolites [1].

Figure 9.6 shows that, on the contrary, when the same TPSR experiment was
replicated with a step feed of NH3 instead of NO, no reaction was detected:
ammonia is thus unable to reduce the surface nitrates at 200 �C (as well as at lower
temperatures, results not shown), which is apparently paradoxical, since NH3 is in
principle a much better reducing agent than NO. Indeed, subsequent T-ramp
experiments evidenced the reduction of surface nitrates by NH3, but only starting
from T [ 220 �C [21].

Thus, a preliminary conclusion here is that surface nitrates formed via NO2

disproportionation, though thermally stable, are readily reduced at very low
temperature by NO, if available, forming NO2, while their direct reduction by NH3

proceeds only at higher temperatures.
Next, we discuss how such a reduction step contributes to the overall SCR

pathways leading from NOx ? NH3 to N2.
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9.5.2 The Role of Nitrites

Mechanistic studies over Fe-zeolite catalysts [1, 20, 21] suggest that at tempera-
tures as low as 150–200 �C and in the presence of NH3, the nitrites intermediate
(NO2

-) produced by NO2 disproportionation, reaction (9.1), preferentially reacts
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with ammonia, if present, forming unstable ammonium nitrite which readily
decomposes to N2 and H2O according to (9.7) [22, 23]:

NH3 þ NO�2 þ Hþ ! NH4NO2½ � ! N2 þ 2H2O ð9:7Þ

Decreasing the catalyst temperature results instead in favoring the oxidation of
nitrites by NO2, i.e., reaction (9.2), with consequent NO formation and corre-
sponding decrease of the N2 evolution. The same qualitative trend was observed over
a Cu-zeolite system, as shown by a set of dedicated experimental runs discussed in
the following. The tests consisted first in the isothermal adsorption of NH3, obtained
feeding 1,000 ppm of NH3 (concentration step change), 3 % v/v H2O, and balance
He at a constant temperature (200 �C). Then, after removing NH3 from the feed and
flushing the catalyst with H2O and Helium, still at the same temperature, the catalyst
was exposed to a 1,000 ppm NO2 step feed. Finally the temperature was linearly
increased at a constant rate of 20 �C/min up to 550 �C in order to clean the catalyst
surface. The same test was repeated decreasing the temperature of the isothermal
phase to 150 �C and to 120 �C. Figure 9.7 compares the results collected during the
NO2 feed transient at 200 �C (Fig. 9.7a) and 120 �C (Fig. 9.7b).

In both tests, the NO2 outlet trace exhibited first a dead time, then it slowly
grew and eventually approached the feed concentration level. Also, immediate
evolution of N2 and NO was recorded at both temperatures upon NO2 feed, then
the signals of the same species slowly decreased with time, eventually approaching
zero. Figures 9.7a, b clearly point out however that the increase of catalyst tem-
perature from 120 to 200 �C over the Cu-zeolite resulted in an incremented NO
formation and a corresponding decreased N2 evolution: a higher temperature thus
favors the reduction of nitrites by ammonia, reaction (9.7), against the oxidation of
nitrites to nitrates, reaction (9.2), in line with what reported for Fe-zeolites.

These data thus prove that the reactivity of surface nitrites with ammonia.
Reaction (9.7) provides the crucial (but facile) selective pathway to dinitrogen in
the NO/NO2–NH3 SCR catalytic chemistry.

9.5.3 Overall Mechanistic Scheme

Based on the data presented and discussed so far, the reactivity of NO/NO2 ? NH3

over Fe- and Cu-promoted zeolites at low temperatures appears consistent with
what previously reported over vanadium-based catalysts [7, 17, 19, 24] as well as
with the mechanistic proposals for the Fast SCR chemistry over BaNa-Y [22, 23].

In such a chemistry, the reactivity demonstrated in the previous paragraphs
attributes the following roles to the three main SCR reactants: (1) NO2 forms
surface nitrates and nitrites via a disproportionation route; (2) NO reduces the
nitrates to nitrites; (3) NH3 decomposes/reduces the nitrites to N2. The related
basic reaction steps, originally identified by transient reaction analysis and recently
confirmed also by in situ FT-IR [10] over Fe–ZSM–5, are summarized in
Table 9.1.
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This chemistry explains the optimal 1:1 molar ratio of NO and NO2 in the Fast
SCR reaction. It also explains the full range of selectivities observed upon varying
the NO2/NOx feed ratio [25–28]. In the presence of NO2 excess (NO2/NOx [ �),
in fact, incomplete reduction of nitrates by NO, the critical step R7 in Table 9.1, is
responsible for the undesired formation of NH4NO3 at very low temperatures (step
R6 in Table 9.1), and of N2O at intermediate temperatures (step R8 in Table 9.1).

9.5.4 Ammonia Blocking of Nitrates Reduction

We have shown in Sect. 9.5.2 that the reduction of surface nitrates by NO, the key
step in the Fast SCR mechanism over Me-exchanged zeolites and V-based cata-
lysts, is active already at 50 �C. A dedicated study over an Fe-BEA catalyst [20]
pointed out, however, that in the presence of ammonia the reaction between NO
and nitrates is stopped and proceeds only on raising the temperature up to
140–160 �C, which thus represents an intrinsic lower bound to the Fast SCR
activity. Similar results were reported for a BaNa-Y zeolite [5].

The NH3 blocking effect is possibly associated with a strong interaction between
ammonia and nitrate species when both are present on the catalyst surface. More
specifically, at low temperature NH3 could react with nitrates to form ammonium
nitrate precursors (or strongly interacting ammonia-nitrate adspecies), e.g.,

HNO3 þ NH3 $ NH4NO3 ð9:8Þ

thus blocking the critical reactivity of nitrates with NO. Only upon increasing the
temperature or reducing the NH3 concentration, nitrates are released due to dis-
sociation of the ammonia-nitrate complex, as the (9.8) equilibrium is shifted to the
left [5, 20].
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Notably, the inhibiting effect of NH3 on the Fast SCR activity at low temper-
ature is not due to the ammonia competitive chemisorption on the catalytic sites,
but occurs because ammonia captures a key intermediate in an unreactive form. In
this respect, one way to partially prevent this undesired effect is to modify the
equilibrium of ammonium nitrate dissociation, e.g., by increasing the temperature
or by decreasing the gas-phase ammonia concentration. Since the blocking effect is
related to the acid properties of the formed nitrates, another possibility to moderate
its negative impact on the Fast SCR reactivity at low T would be to modify the
catalyst acid/base properties in order to favor the interaction of ammonia with the
catalyst sites rather than with the nitrates [5].

9.5.5 Considerations on the Red-ox Nature of the NH3–SCR
Mechanisms

It is worth noticing that the steps discussed above for the Fast SCR chemistry,
reaction (9.6) does not involve changes in the formal oxidation state of the cata-
lytic sites. In fact, formation of nitrates and nitrites occurs via disproportionation
of NO2 (steps R1 ? R2 in Table 9.1), reduction of nitrates to nitrites is com-
pensated by the simultaneous oxidation of NO to NO2 (step R3), and decompo-
sition of nitrites to N2 by NH3 (step R5) is also red-ox neutral. Accordingly, we
can expect that in the presence of NO2, a strong oxidizer, the SCR catalyst sites
remain at their highest oxidations states. This is a substantial difference from the
case of the Standard SCR reaction (9.5), wherein reduction of NO by NH3 to N2

does involve catalyst reduction, and therefore closure of the catalytic cycle

Table 9.1 The Fast SCR chemistry

Basic reaction steps in NO/NO2–NH3 SCR chemistry over V-based and metal-promoted zeolite
catalysts

Involving NO2 only
2NO2 , N2O4 R1 NO2 dimerization
N2O4 ? O2- , NO2

- ? NO3
- R2 disproportionation

NO2 ? NO2
- , NO ? NO3

- R3 nitrites oxidation by NO2

In the presence of NH3

2NH3 ? H2O , 2NH4
+ ? O2- R4 NH3 adsorption

NH4
+ ? NO2

- , [NH4NO2] ? N2 ? 2H2O R5 nitrites reduction by NH3, see (9.7)
NH4

+ ? NO3
- , NH4NO3 R6 formation/dissociation of AN

NH4NO3 ? N2O ? 2H2O R8 formation of N2O
In the presence of NO
NO ? NO3

- , NO2 ? NO2
- R7 reduction of nitrates by NO = R3 reverse

Fast SCR
2NH3 ? NO ? NO2 ? 2N2 ? 3H2O (6) = R4 + R1 ? R2 + R7 ? 2 * R5
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requires catalyst reoxidation by O2 (likely a rate limiting step at low temperature).
Recent published work based on in situ FTIR studies over Fe–ZSM–5 [10] and on
X-Ray Absorption Spectroscopy investigations of Cu-CHA [29] confirms that only
fully oxidized metal sites (Fe(III) and Cu(II), respectively) are present at the
catalyst surface under Fast SCR conditions, so with NO2, whereas a mixed situ-
ation, including both oxidized and reduced sites, prevails under Standard SCR
conditions, i.e., in the absence of NO2.

It is worth emphasizing, however, that these results do not rule out a Mars-Van
Krevelen mechanism for the Fast SCR chemistry, as they simply show that the
balance between oxidized and reduced catalytic sites is shifted toward the former
ones in the presence of NO2. Indeed, it has been shown that over a V-based
catalyst the global reaction (9.6), and specifically its key step R7 in Table 9.1, is
actually associated with a red-ox cycle involving the very effective reoxidation of
reduced sites by surface nitrates [7]. In fact, step R7 did not proceed over a V-free
WO3/TiO2 sample, due to the lack of the red-ox catalytic sites associated with the
V component [7]. In the framework of a general red-ox interpretation of the SCR
mechanisms, this explains the higher rate of the Fast SCR reaction as compared to
the Standard SCR chemistry, wherein the less active gaseous oxygen is responsible
for the slower, rate limiting catalyst reoxidation step [30]. Notably, the result of the
NO/NO2–NH3 transient experiments in the previous Sections, where O2 was not
included in the feed mixture, point out that gaseous oxygen is not needed for NOx

conversion, being replaced by nitrates as the oxidizing species in the red-ox cycle.
Thus, not only nitrates adspecies, formed upon inclusion of NO2 in the SCR

reacting system, participate in the NO/NO2–NH3 catalytic chemistry: their role as
strong oxidizers is indeed critical for the very important Fast SCR activity.

9.5.6 Higher Temperatures: The NO2–SCR Reaction

Contrary to NO (Fig. 9.5), ammonia was unable to reduce directly nitrates up to
200 �C over V-based and metal-promoted zeolites catalysts (Fig. 9.6): but what
happens at higher temperatures?

Figure 9.8 shows a transient experiment over Cu-zeolite in which the catalyst was
first saturated with nitrates, feeding NO2 at 50 �C. Then the NO2 feed was shut off,
the ammonia feed was started, and the temperature was linearly increased up to
550 �C. Clearly, ammonia did not react with surface nitrates at low temperature, but
starting from about 230 �C ammonia consumption was observed, with formation of
nitrogen mainly (the minor formation of N2O is discussed in the next paragraph).
This reaction stopped when all the surface nitrates were depleted. So ammonia is able
to reduce nitrates as well, but only at higher temperature if compared to NO.

The run in Fig. 9.8, showing the reactivity of nitrates with ammonia, has been
compared with a Temperature Programmed Reaction run over the same catalyst,
where the feed included gaseous ammonia and NO2, and during which we also
observed consumption of ammonia, and production of N2 and of N2O. Most
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interestingly, the N2 temporal evolution observed in this case matched closely the
one in Fig. 9.8. This strongly suggests that the reactivity of surface nitrates with
ammonia is the same as that of NO2 with ammonia, that is, the NO2 SCR reaction:

3NO2 þ 4NH3 ! 7=2N2 þ 6H2O ð9:9Þ

whose mechanism is therefore likely associated with the direct oxidation of
ammonia by surface nitrates. Again, similar data and conclusions apply also to
other SCR catalysts [2, 21].

9.5.7 Selectivity Issues: The Formation of NH4NO3, N2O

The reactivity of nitrates has to do not only with the selective (to N2) and desired
Fast and NO2 SCR reactions, but also with the unselective reactions responsible
for the formation of undesired by-products.

At low temperatures, below 200 �C, ammonia is not able to reduce nitrates, but
it can however react with them to form ammonium nitrate [18, 24],

2NH3 þ 2NO2 ! N2 þ NH4NO3 þ H2O ð9:10Þ

In our early study over a V-based catalyst [24], reaction (9.10) was identified by
the stoichiometry of NO2 ? NH3 conversion, and of N2 formation. Ammonium
nitrate, formed and deposited onto the catalyst, could not of course be directly
detected, but its formation was confirmed both by the lack in the N-balance, by
dedicated IR analyses performed on the catalyst downloaded from the reactor after
the experiment, and by subsequent TPD runs which showed formation of N2O (see
Fig. 9.9), in line with the well-known thermal decomposition of ammonium
nitrate,

NH4NO3 ! N2O þ 2H2O ð9:11Þ
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Again, similar findings apply also to the new generation of metal-promoted
zeolites [1, 2].

Hence, in the presence of NO2 not only the activity of SCR catalysts, but also
their selectivity appears to be governed by the reactivity of nitrates. When NO is
available in addition to NH3, and the temperature exceeds a threshold related to the
dissociation of ammonium nitrate, the desired reduction of the surface nitrates by
NO can proceed effectively, resulting in the most efficient selective DeNOx

pathway, i.e., the Fast SCR reaction. On the other hand, if an excess of NO2

prevails in comparison to NO, the unselective pathways (9.10) and (9.11) will
prevail at lower and higher temperatures, respectively.

9.6 Feeding Nitrates: The Enhanced SCR Reaction

9.6.1 The Boosting Action of Ammonium Nitrate

The role of nitrates as key intermediates in the Fast SCR mechanism has been fully
confirmed in recent years by the discovery of the so-called ‘‘Enhanced SCR’’
reaction [3, 31],

2NH3 þ 2NO þ NH4NO3 ! 3N2 þ 5H2O ð9:12Þ

Reaction (9.12) involves the selective catalytic reduction of NO by its reaction
with ammonia and with nitrate species, supplied, e.g., in the form of aqueous
solution of ammonium nitrate sprayed into the gaseous feed stream to the SCR
catalyst. Reaction (9.12) results in very high DeNOx efficiencies at low tempera-
tures, similar to those of Fast SCR, even though no NO2 is fed to the SCR catalyst.
Accordingly, it can in principle replace reaction (9.6) in boosting the DeNOx
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activity without, however, any need of preoxidizing NO to NO2 upstream of the
SCR converter.

The enhancement of the SCR activity is best illustrated by Fig. 9.10, which
shows the temporal evolution of the NO, NH3 and NO2 outlet concentrations
during a transient run at 205 �C over an Fe–ZSM–5 washcoated monolith catalyst.
Initially, only equimolar amounts of NH3 and NO (1,000 ppm each) were fed to
the catalyst in a nitrogen stream, with negligible conversion. At t = 1450 s, O2

(2 % v/v) was added to the reactor feed, resulting in the onset of only a limited
conversion of NO and NH3 (about 15 %) associated with the Standard SCR
reaction (9.5). At t = 2800 s, a pump started to inject an aqueous solution of
ammonium nitrate in the test reactor feed stream, resulting in feed concentrations
of 340 ppm NH4NO3 and 1 % H2O v/v. As a consequence, the outlet NO and NH3

concentrations dropped rapidly, eventually approaching after a few oscillations the
conversion (68 %) predicted by reaction (9.12) in case of complete depletion of
the limiting reactant NH4NO3. NO2 evolution was negligible (\10 ppm) during
the whole transient.

It is clearly apparent from Fig. 9.10 that addition of ammonium nitrate to NO–
NH3–O2 dramatically increased the low temperature NO reduction activity over
Fe–ZSM–5. Furthermore, the added NH4NO3 itself was totally and selectively
converted according to reaction (9.12). The substantial enhancement of the NOx

removal efficiency due to NH4NO3 addition as compared to the Standard SCR was
confirmed also at higher temperatures, though it progressively decreased with
growing temperature.

The ‘‘Enhanced SCR’’ chemistry was further examined in a similar transient
experiment at 205 �C (GHSV = 36,000 h-1), wherein the Fe–ZSM–5 catalyst
was first exposed to a feed containing 500 ppm NO, 750 ppm NH3, 0 % O2 in N2,
to which an aqueous solution of nitric acid, corresponding to feeding 250 ppm
HNO3 and 1 % H2O, was added in a second stage. In this case a steady-state
conversion of both NO and NH3 close to 90 % was observed, consistent with the
stoichiometry of
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3NH3 þ 2NO þ HNO3 ! 3N2 þ 5H2O ð9:13Þ

which is of course equivalent to reaction (9.12) upon considering dissociation of
NH4NO3 into ammonia and nitric acid. Thus, the observed activity enhancement is
likely due to the participation of nitrate species in the reaction. The result of this
particular experiment points out as well that oxygen is unnecessary for NO con-
version, again in agreement with (9.12) or (9.13).

Figure 9.11 compares steady-state NOx and ammonia conversions in Standard
(feed: 1,000 ppm NO, 1,000 ppm NH3, 2 % O2, 1 % H2O in N2) and Fast SCR
(feed: 500 ppm NO, 500 ppm NO2, 1,000 ppm NH3, 2 % O2, 1 % H2O in N2) runs
over the Fe-zeolite catalyst with those measured when feeding 1,000 ppm NO,
1,000 ppm NH3, 2 % O2 in N2 along with 340 ppm of NH4NO3 ? 1 % H2O.

When only NO and ammonia were fed to the system with oxygen and water, the
activity was poor, conversion being still far from complete even at 350 �C. The
outlet concentration levels of NO and ammonia were in line with the occurrence of
the Standard SCR reaction (9.1); however, at temperatures above 300 �C a
growing negative deviation from the expected 1/1 NO/NH3 molar consumption
ratio was observed, possibly related to the onset of the ammonia oxidation, which
is known to proceed on Fe-zeolites in this temperature range [1, 20, 21, 27]. When
an equimolar mixture of NO and NO2 (500 ppm each) was fed to the Fe-zeolite
catalyst along with ammonia, though, 100 % conversions were observed already at
200 �C, in line with the strong sensitivity of Fe-zeolite catalysts to the NO2 feed
content and with the corresponding high activity of the Fast SCR reaction (9.6)
[1, 27, 32, 33].

In the case of the runs with NH4NO3 feed, the steady-state NO and ammonia
conversions were as high as 68 % (i.e., limited by the feed concentration of
ammonium nitrate) already at 200 �C, and they remained more or less stable up
to 250 �C, when they began to grow slowly with temperature. The outlet
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concentrations measured in the range 200–250 �C are consistent with the stoi-
chiometry of reaction (9.12): actually they correspond to the stoichiometric limit
imposed by the feed concentration of ammonium nitrate and further originate from
the poor activity of the Standard SCR reaction over this catalytic system.

At temperatures in excess of 250 �C the situation was modified: both the NO
and the ammonia conversion increased, eventually approaching 100 % at the
highest temperatures. Notably, NO2 was not detected in significant amounts at any
investigated temperature.

The incremented activity is due to the increasing contributions of the Standard
SCR reaction and of the ammonia oxidation with growing temperature. At these
temperatures also the ‘‘NO2–SCR’’ reaction should be taken into account,

3NO2 þ 4NH3 ! 7=2N2 þ 6H2O ð9:9Þ

whose mechanism is likely associated with the oxidation of ammonia by surface
nitrates [21], as discussed in Sect. 9.5.6 above: ammonia oxidation, either by
oxygen or by nitrates, is responsible eventually for the reduced NOx/NH3 con-
version ratio.

Thus, Figs. 9.10 and 9.11 confirm that over Fe–ZSM–5 addition of ammonium
nitrate to the feed stream resulted in promoting the DeNOx activity with respect to
the Standard SCR reaction. Due to the substoichiometric feed contents of NH4NO3

in these runs, the NOx conversion of the Fast SCR reaction was not reached. N2O
formation was found to be very limited, and comparable to what observed under
Fast SCR conditions. Similar results were obtained in the case of V2O5–WO3/TiO2

SCR catalysts [3].
In a subsequent study, the effects of different operating variables, namely space

velocity (between 18 and 75 kh-1), temperature (between 180 and 250 �C), and
ammonium nitrate feed content (between 20 and 100 % of the stoichiometric feed
concentration), were systematically investigated over a commercial V-based
Haldor Topsøe catalyst in order to identify the best process conditions [34]. Data
from this study confirmed the occurrence of the very active Enhanced SCR
reaction over the V-based catalyst, and pointed out that the added NH4NO3 itself
was totally and selectively converted. As shown for example in Fig. 9.12, the
addition of AN to the feed stream at 200 �C leads to a significant increase in the
NOx conversion compared to the Standard SCR reaction at all the investigated
space velocities. The upper Fast SCR bound was approached, but the substoi-
chiometric AN feed contents (100 and 200 ppm) limited the NO conversions
associated with the E-SCR reaction. Notably, the NOx conversions were identical
within experimental error when feeding either ammonium nitrate (AN) or NO2 in
the same proportions (i.e., same AN to NO or NO2 to NOx feed ratio).

Experiments were also performed feeding the stoichiometric amount of
ammonium nitrate (250 ppm). In these cases, however, the measured NOx con-
versions did not reach those of Fast SCR: this was ascribed to an incomplete
conversion of the stoichiometric AN feed content due to competition with the
Standard SCR activity, causing buildup of AN on the catalyst and thus inhibiting
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the DeNOx activity. N2O formation was found negligible at all the reaction con-
ditions which granted a complete conversion of the AN injected in the feed stream.

In terms of DeNOx efficiency, the best result of this study was collected at
180 �C with a space velocity of 18 kh-1: at these conditions the NOx conversion
increased from 40 % in the absence of AN feed up to 86–93 % with the feed
containing 200 or 250 ppm of AN. Furthermore, on decreasing the NH3/NO feed
ratio from 1 down to 0.85, the ammonia slip was reduced below 10 ppm while
maintaining the NOx conversion at its stoichiometric limit.

9.6.2 Analysis of the Enhanced SCR Chemistry

It is worth noticing that both the Fast SCR and the Enhanced SCR chemistries can
be formally represented according to a simple sequential scheme, that we origi-
nally proposed for the Fast SCR mechanism only. We showed by transient kinetic
experiments [17] that at temperatures as low as 150–170 �C the Fast SCR reaction
proceeds via a two-step sequence in which ammonium nitrate is first formed from
NO2 and NH3, reaction (9.14), and then reacts with NO, reaction (9.15):

2NH3 þ 2NO2 ! NH4NO3 þ N2 þ H2O ð9:14Þ

NH4NO3 þ NO ! NO2 þ N2 þ 2H2O ð9:15Þ
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The sum of (9.14) and (9.15) yields in fact the Fast SCR, reaction (9.6), wherein
NO2 is a reactant and NH4NO3 acts as an intermediate. The same sequence,
however, also describes the Enhanced SCR chemistry, wherein however NH4NO3

is now a reactant and NO2 becomes an intermediate: the stoichiometry of reaction
(9.12) is obtained in this case adding (9.15), multiplied by two, to (9.11).

Clearly, the analogy between the Fast SCR and the Enhanced SCR chemistries
has deeper roots than just a combination of stoichiometries. It actually originates
from the key mechanistic role played by nitrates adspecies in both reactions. Such
nitrates are either formed via NO2 dimerization, disproportionation, and hetero-
lytic chemisorption in the Fast SCR chemistry (see Sect. 9.5.3 and Table 9.1), or
are formed directly by nitric acid adsorption when feeding aqueous solutions of
NH4NO3 or nitric acid in the case of Enhanced SCR. It is well known that
ammonium nitrate participates in the dissociation equilibrium (9.16) with nitric
acid and ammonia,

NH4NO3 $ HNO3 þ NH3 ð9:16Þ

Once formed, the nitrates adspecies can then participate in the same catalytic
steps involved in the Fast SCR mechanism, namely their rate controlling reduction
by NO to nitrites, followed by the rapid reaction of nitrites with NH3 to give
dinitrogen, along the same pathways already outlined in Sect. 9.5.3 above [3]. This
is in fact consistent with the observation that feeding nitrate species in aqueous
solution rather than gaseous NO2 results in a DeNOx activity similar to that of the
Fast SCR reaction. In both cases the strong promotion of NOx reduction at low
temperature results from the extreme oxidizing properties of the nitrates, which
can speed up the rate limiting step of catalyst reoxidation in the SCR red-ox cycle
[4, 7, 35, 36].

From a conceptual standpoint, injecting nitrates in order to reduce NOx may
seem quite paradoxical. Nevertheless, data prove that this is indeed effective for
promoting the DeNOx activity at low temperature.

9.7 Summary and Conclusions

Our understanding of the NH3–SCR catalytic chemistry in the presence of NO2 has
greatly improved in the last few years. The key has been the identification of the
crucial role of surface nitrates, which do not act as terminal reaction products, as
originally suspected, but are directly responsible for the very high Fast SCR
activity. It is also found that the reactivity of nitrates is quite general, being similar
over the classical ternary V–W–Ti SCR catalysts as well as over the new gener-
ation of Fe- and Cu-promoted zeolite catalysts. These results open the way to
chemically consistent, accurate, reliable, and comprehensive simulation models of
SCR-based EGA systems, as required by the automotive industry in order to fulfil
the upcoming emissions regulations.
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Part IV
Reaction Kinetics



Chapter 10
Kinetics of NH3-SCR Reactions Over
V2O5–WO3/TiO2 Catalyst

Isabella Nova and Enrico Tronconi

10.1 Introduction

The SCR technology for the control of NOx emissions from Diesel vehicles was
first brought to the market in 2005 for heavy-duty vehicle applications by Daimler
under the trade mark BLUETEC�, based on the use of extruded honeycomb
monolith catalysts consisting of V2O5-WO3/TiO2. The application of such a new
technology was optimized by using an unsteady kinetic model of the SCR process
specifically developed for mobile applications: indeed, simulation tools able to
describe the performance of catalytic converters as a function of the several
operating parameters have been proved to be very useful in the development and
design of new technologies. Nevertheless, their capability in predicting accurately
NOx and ammonia emissions mainly relies on the close adherence of kinetic
schemes to the real catalytic process.

In this chapter, the development of an unsteady kinetic model of the NH3-SCR
process for vanadium-based catalysts is presented. The model was based on the
results from an extensive investigation of reactivity, chemistry, catalytic mecha-
nism, and kinetics of the full NH3–NO/NO2 SCR reacting system over a com-
mercial V2O5-WO3/TiO2 catalyst performed in our laboratories [1–10].
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10.2 Methods

10.2.1 Experimental Rig and Procedures

The experimental rig used for all the kinetic runs over the powdered catalyst has
three main sections dedicated to feed of the reacting mixture, reaction, and
analysis of the outlet gas, respectively.

The feed mixture was prepared by combining the pure synthetic reacting gases
form calibrated cylinders, namely ammonia, NO, NO2, and oxygen. Contrary to
the usual approach in the literature, helium instead of nitrogen was used as inert
carrier gas, so that N2, which is the main product of the SCR reaction, could be
measured by the analytical system. The cylinders of NH3, NO, and NO2 also
contained some Argon that was used as a tracer and internal standard for the
analysis. The flow of each component was controlled by means of seven mass-flow
meters (Brooks Inst. 5850S) connected to switchboards. Water vapor was fed by
means of a saturator by controlling its temperature. All the lines downstream of the
saturator were heated to 100 �C in order to prevent water condensation. 4-way
valves were also present in the rig, to allow a rapid cross change between the inlets
and the outlets, so that the reactant could be instantaneously fed or released from
the reactor.

The microreactor consisted of a quartz tube (i.d. 6 mm) inserted in a furnace:
water, oxygen, and balance helium came from steel pipelines and entered the
reactor after being premixed, while ammonia and NOx flew separately through two
pulse valves and two capillaries so that they could be stepwise fed directly to the
top of the reactor. The reaction temperature was measured and controlled (by
acting on the furnace heating power) by a thermocouple immersed in the catalyst
bed. The outlet gas was then sent to the analysis system. The entire line down-
stream of the reactor was heated to 200 �C in order to prevent formation of
ammonium nitrate, which is a possible product of the reaction between NO2 and
NH3 [2–10].

A Mass Spectrometer (MS) (Balzers QMS200) was used for species analysis.
This instrument can provide the qualitative and quantitative temporal evolution of
the composition of the outlet gas mixture. The following m/e ratios were moni-
tored in order to follow the transient behavior of the most relevant species: 15
(NH3), 18 (H2O), 28 (N2), 30 (NO), 32 (O2), 40 (Ar), 44 (N2O), and 46 (NO2). The
MS data were elaborated taking into account the species cross-sensitivities and the
response factors periodically estimated by means of specific calibration runs in a
blank reactor, thus obtaining the outlet concentrations of reactants and products.
A UV analyzer (ABB Limas 11HW), which provided accurate continuous
simultaneous measurements of ammonia, NO, and NO2, was also coupled in
parallel to the MS [10].

Different kinds of transient experiment aimed either at the elucidation of
reaction mechanistic features or at the estimation of kinetic parameters were
performed over the powdered catalyst. Operating conditions as similar as possible
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to those of real aftertreatment systems were chosen for the experiments:
50–550 �C temperature range, 0–1,000 ppm NOx and NH3 feed concentration,
presence of water and oxygen. Unfortunately, while real exhausts contain about
10 % v/v of water and of oxygen, it was not possible to feed systematically such
concentrations in our microreactor runs because of limitations related to the use of
the mass spectrometer: high concentrations of water vapor strongly influenced the
other signals, thus making the analysis very imprecise; high oxygen contents
caused the consumption of the tungsten filament responsible for the ionization of
the molecules. The effect of water and oxygen on the SCR reactivity was in any
case addressed and a good compromise was found using feed contents of 1 % H2O
and 2 % O2 v/v: such conditions well represent the SCR reactivity under real
conditions and at the same time allow the use of a MS analyzer. Analogously,
hydrocarbons and CO2 were not fed to the microreactor, but their effect on the
SCR reactivity is known to be negligible.

Transient response method (TRM) runs [11] consisted of stepwise changes of
concentration of one species in the feed mixture, realized by using the pulse valves
previously described, which assured constant conditions of pressure and global
flow. The temperature was normally kept constant during the whole experiment. In
particular, the effect of NO/NO2 ratio on the SCR activity was investigated. Space
velocities between 90,000 and 210,000 h-1 were used in these experiments.

Ammonia adsorption–desorption ? Temperature Programmed Desorption
(TPD) runs [11] were performed in order to study the adsorption–desorption of
NH3 onto the catalyst. Experiments were typically performed at a GHSV of
92,000 h-1 by feeding 1,000 ppm of ammonia in the presence of 2 % O2 and 1 %
H2O at constant adsorption temperature (between 200 and 400 �C); when the
catalyst adsorption capacity was saturated, NH3 and O2 were shut off and a tem-
perature ramp from 50 to 550 �C at 15 �C/min was started. Temperature Pro-
grammed Reaction (TPR) runs [11] were performed to study the gas-phase
reactivity on increasing temperature: the reactants were fed at constant tempera-
ture, then a temperature ramp at 2, 10, or 20 �C/min was run. TPR experiments
were typically carried out in the presence of oxygen (2 %) and water vapor (1 %)
with GHSV between 90,000 and 230,000 h-1; the reactant feed concentration
varied between 250 and 1,000 ppm.

10.2.2 Mathematical Model of the Microreactor for Kinetic
Tests

Once defined the reaction network that describes the different investigated reacting
systems and understood the main features of the reaction mechanisms, consistent
kinetic schemes and rate expressions were derived, as extensively described in the
following. In order to estimate the rate parameters in such expressions, transient
experimental data collected over the powdered SCR catalyst were analyzed
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according to a heterogeneous one-dimensional plug-flow dynamic model of the
test microreactor, assuming the catalytic bed to be isothermal and isobaric [12].
The reactor dynamic model adopted for the kinetic analysis of the experimental
runs was based upon the following unsteady differential material balance equations
for gaseous (i) and adsorbed (j) species:
adsorbed phase:

Xj
ohj

ot
¼ �Rj ð10:1Þ

gaseous phase:

e
oCi

ot
¼ �v

oCi

oz
� ð1� eÞRi ð10:2Þ

where Ci is the gas-phase concentration of species i, hj is the surface coverage of
adsorbed species j, e is the void fraction of catalyst bed, v is the gas linear velocity
(m/s), and X is the maximum catalyst adsorption capacity (mol/m3cat). R is the
intrinsic rate of formation of the species i or j, and was calculated according to the
following general expression:

Ri ¼
XNR

k¼1

rk � mi;k ð10:3Þ

where i is the index of the species considered, rk is the intrinsic rate of reaction k,
and mi,k is the stoichiometric coefficient of species i in reaction k.

The system of partial differential equations (PDE) formed by the unsteady mass
balances of the relevant species was numerically integrated according to the
method of lines, after developing a suitable FORTRAN code written. The dis-
cretization of the variables along the axial coordinate z was based on the finite
differences method [13], using typically a grid with 31 equispaced points. In order
to integrate the resulting ordinary differential equations system in time the LSODI
library routine, based on Gear’s method [14], was used. The kinetic parameters
were estimated by global multiresponse nonlinear regressions based on the least
squares method. For this purpose the BURENL routine developed by Prof. Guido
Buzzi-Ferraris [15] was used.

10.3 NH3/O2 Reacting System

The experimental investigation started from the study of the simplest reacting
system, i.e., including only ammonia and oxygen as reactants. Basically, two main
processes are expected to occur in this case, namely the adsorption–desorption of
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NH3, and, at higher temperature, its oxidation by gaseous oxygen. The two pro-
cesses were addressed sequentially, as discussed in the following.

The capability to adsorb ammonia is an important characteristic of SCR cata-
lysts. Indeed all authors who had previously studied the SCR process for stationary
applications agreed that in the SCR reactions ammonia reacts from a strongly
adsorbed state [16–21]. Moreover, the affinity of such a reactant for the catalyst
surface decreases the so-called ammonia slip that is the undesired release of
unreacted ammonia from the reactor. Accordingly, a good understanding of the
ammonia adsorption–desorption process is strictly required for a correct descrip-
tion of the SCR process.

The effect of water concentration on ammonia adsorption was first studied by
performing different runs in the presence of 1 % and of 10 % of water. It was
found that the ammonia storage capacity hardly changed (305 vs. 300 molNH3

ffi
m3

cat

at 150 �C) if 1 or 10 % v/v of water was added to the feed. Analogous experiments
were then performed in order to study the effect of oxygen feed concentration on
the ammonia storage capacity, feeding 2 and 10 % O2 v/v. It was found that the
oxygen feed concentration had no effect on the ammonia adsorption process, too.

In order to obtain quantitative information about NH3 adsorption-desorption as
a function of temperature over the commercial V-based SCR catalyst used in our
research, specific transient runs were performed. The experiments consisted in
stepwise feeding 1,000 ppm of NH3 while flowing oxygen (2 %), water (1 %), and
balance helium at constant temperature, namely 50, 100, 150, and 200 �C.
Depending on temperature, different amounts of ammonia were adsorbed onto the
catalyst at this stage. When the signal of outlet ammonia approached the feed
level, indicating saturation, NH3 was shutoff and desorption of weakly adsorbed
ammonia occurred. Then, after interrupting the oxygen feed in order to prevent
ammonia oxidation, a temperature ramp at 15 �C/min from 50 to 550 �C was run
so to provoke complete thermal desorption of ammonia [22–24].

Figure 10.1a shows the results of the run performed at the adsorption temper-
ature of 50 �C: NH3 inlet concentration (black dotted line), NH3 outlet concen-
tration (symbols), and catalyst temperature (blue solid line—right axis) are plotted
as a function of time on stream. Upon NH3 step addition (at t = 0 s) its outlet
concentration exhibited a dead time, during which the fed NH3 was completely
adsorbed onto the catalyst surface, and then it increased with time, approaching the
inlet value of 1,000 ppm after about 3,500 s. Upon NH3 shutoff (t = 4,000 s) the
outlet NH3 concentration started decreasing with time as desorption of previously
adsorbed NH3 occurred. However, complete desorption of NH3 was achieved only
by performing an additional TPD run. Indeed, as soon as the catalyst was heated,
the NH3 signal increased again, reaching a peak value at about 250 �C, then it
dropped back to zero for temperatures above 450 �C.

Figure 10.1b, c, and d illustrate the results of similar runs performed by
adsorbing ammonia, respectively at 100 (b), 150 (c), and 200 �C (d). As tem-
perature increased, a lower ammonia adsorption capacity of the system could be
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noticed, associated with shorter dead times and smaller TPD areas. This is in line
with the thermodynamics of the exothermic NH3 adsorption process [17, 18].

Much research has been devoted in the past few decades to the SCR process on
V-based catalysts for stationary applications, thus resulting in a large amount of
literature. In particular, the adsorption–desorption characteristics of ammonia on
V-based catalysts have been investigated by means of TPD and FTIR techniques
and by means of TRMs [18]. It is generally agreed that ammonia adsorbs as two
different strongly held species: (i) molecularly adsorbed ammonia, through a
Lewis-type interaction with coordinatively unsaturated cations and (ii) ammonia
adsorbed as ammonium ions, onto Brønsted acidic -OH surface hydroxyl groups.
Authors, however, have different opinions about which sites are responsible for the
different adsorbed species. FTIR studies of Topsøe and co-workers [21, 25] for
instance revealed that ammonia adsorbs on the titania surface mainly as coordi-
nated NH3, reflecting that predominating Lewis acid sites are present on pure
titania, whereas the V–OH surface species are the Brønsted acid sites where
adsorption of ammonium ions occurs. On the other hand, Ramis and coworkers
proposed that both Lewis acidity and Brønsted acidity occur over vanadium sites
[26]. The FTIR investigation over V2O5-WO3/TiO2 catalysts carried out by Lietti
and coworkers [27] indicated that both tungstenyls and vanadyls centers act as
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Fig. 10.1 Adsorption–desorption ? TPD runs: GHSV = 92,000 h-1; NH3 = 1,000 ppm,
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experimental; solid lines: model fit. Adapted from Ref. [1]
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Lewis sites for molecularly adsorbed ammonia, and only a minor adsorption of
protonated ammonia with low thermal stability was pointed out. On contrary,
Amiridis et al. [28] suggested that the V2O5-WO3 interaction generates Brønsted
sites.

A considerable amount of the literature is also available about the research of a
suitable rate expression for the NH3 adsorption–desorption process [12, 22–24, 29,
30]. Some authors described this process according to a Langmuir isotherm [31].
Nevertheless, specific works on this topic suggest different approaches. For
instance, Lietti et al. [12] proposed that NH3 adsorption occurs via a nonactivated
process (Ea = 0), in line with the spontaneity of adsorption of a basic molecule,
like ammonia, onto the acidic catalyst surface. Moreover, in such a work, five
different rate expressions were used for NH3 desorption, including a simple
Langmuir approach and more complicated expressions that take into account the
catalyst surface heterogeneity, in agreement with the physicochemical character-
ization of the catalysts. These included Temkin-type, modified Temkin-type, and
Freundlich coverage dependences of the desorption energies, along with an
empirical coverage dependence that is representative of the existence of two
adsorption sites on the catalyst surface having different acid strengths. It was found
that Langmuir kinetics fail in describing accurately the experimental data, while a
satisfactory data fit was achieved by using Temkin-type desorption kinetics.
Modest improvements were obtained by using more complicated coverage de-
pendences of the desorption energies (e.g., modified Temkin-type or the empirical
‘‘dual sites’’).

Temkin-type rate expressions will be applied in the following to fit the NH3

adsorption–desorption data presented above. The experimental data of Fig. 10.1
were analyzed according to the transient one-dimensional isothermal heteroge-
neous plug-flow model of the test microreactor and fitted by nonlinear regression
to provide estimates of the relevant kinetic parameters, and thus extract the
intrinsic kinetics of the ammonia adsorption–desorption. The model of the test
microreactor was based on the following equations, that represent the adaptation of
the general equations (10.1) and (10.2) to the considered reacting system.

NH3 mass balance (adsorbed phase):

X
oh
ot
¼ rads � rdes ð10:4Þ

NH3 mass balance (gas phase):

e
oCNH3

ot
¼ �v

oCNH3

oz
� ð1� eÞðrads � rdesÞ ð10:5Þ

Based on the literature indications above-mentioned, and supported by pre-
liminary fits of the experimental data, a nonactivated NH3 adsorption process and
Temkin-type NH3 adsorption/desorption kinetics have been assumed, i.e.,:

rads ¼ kadsCNH3hfree ð10:6Þ
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rdes ¼ ko
des exp½�E

�
des

RT
ð1� ahNH3Þ�hNH3 ð10:7Þ

where hfree = 1 - hNH3.
Figure 10.1 illustrates the comparison between experimental data (symbols) and

model fit (solid lines) after global nonlinear regression on the four runs: a good
agreement is evident in all cases. Particularly, the model well reproduced the dead
time of the outlet NH3 concentration, which is representative of the NH3 storage
capacity. In addition, TPD runs were fairly well fitted in a large range of tempera-
tures. The parameter estimates associated with the fit in Fig. 10.1 well compared with
the corresponding estimates obtained in previous works performed over both model
and commercial V-based SCR catalysts for stationary applications [12, 23, 24].

The reaction of ammonia with oxygen over V-based catalysts produces,
depending on the operating temperature, nitrogen, NO, or N2O.

In analogy with the method followed for the NH3 adsorption-desorption pro-
cess, first we studied the effect of water and oxygen on the ammonia oxidation
reaction, then we proceeded to specific kinetic runs for the estimation of the rate
parameters. Some authors found indeed an inhibiting effect of water on ammonia
oxidation over V-based catalysts [22, 31]. In order to verify if such a behavior was
characteristic of the catalyst herein investigated, the effect of water concentration
on ammonia oxidation was studied by running TPR experiments in the presence of
1 or 10 % water, with 500 ppm ammonia, 2 % oxygen, and balance He, with a
GHSV of 92,000 h-1: the comparison of the results of the runs ruled out any
significant effect of water concentration in the range 1–10 % v/v on the NH3

oxidation reaction

NH3 þ
3
4

O2 !
1
2

N2 þ
3
2

H2O ð10:8Þ

The influence of oxygen content was then studied by means of TPR experi-
ments run with 2 or 10 % O2 in the presence of 500 ppm ammonia, and balance
He with a GHSV of 92,000 h-1. In this case, a minor promoting effect of oxygen
concentration was seen.

Specific runs were carried out in order to extract the intrinsic kinetics of
ammonia oxidation and at the same time to validate the kinetics of the ammonia
adsorption–desorption process, previously fitted.

In the experiment of Fig. 10.2, at time = 3,000 s a temperature ramp at 12 �C/min
was started while flowing 1000 ppm ammonia, 2 % oxygen, and balance He.
Adsorption of ammonia occurred as soon as NH3 was admitted to the reactor at t =
500 s, while its desorption was evident during the temperature ramp. Moreover,
ammonia oxidation started to occur when the catalyst temperature exceeded 350 �C,
as apparent from the consumption of ammonia and the production of nitrogen, in line
with reaction (10.8).

The experiment in Fig. 10.2 was analyzed according to the usual plug-flow
model of the test microreactor, Eqs. (10.1) and (10.2). The ammonia mass balance
equations were modified in order to include the oxidation reaction, which was
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considered to proceed via adsorbed ammonia. Moreover, the gaseous nitrogen
mass balance was introduced:

NH3 mass balance (adsorbed phase):

X
oh
ot
¼ rads � rdes � rox ð10:9Þ

NH3 and N2 mass balances (gas phase):

e
oCNH3

ot
¼ �v

oCNH3

oz
� ð1� eÞðrads � rdesÞ ð10:10Þ

e
oCN2

ot
¼ �v

oCN2

oz
þ ð1� eÞ � 1

2
rox ð10:11Þ

For the rate of ammonia oxidation, an empiric expression has been assumed
[22–24], i.e.,:

rox ¼ koxhNH3ðpO2=0:02Þb ð10:12Þ

that incorporates the experimentally observed effect of oxygen.
The kinetic parameters of ammonia oxidation were fitted by multiresponse

nonlinear regression, while the parameter estimates for the ammonia adsorption–
desorption kinetics were kept unchanged with respect to those obtained from the fit
previously performed. Notably, in this case both the NH3 and the N2 outlet con-
centrations were regarded as regression responses.

Figure 10.2 shows the result of the fit in terms of experimental (symbols) and
calculated (solid lines) outlet concentrations of NH3 and nitrogen as a function of
time: the agreement is satisfactory.

It is worthy of note that the kinetic model was capable to capture both the light-
off temperature of ammonia oxidation and the slope with which it proceeds upon
increasing the temperature. Moreover, the ammonia adsorption–desorption
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dynamics, which are very demanding especially during the T-ramp, were very well
predicted, thus validating the fit performed for the ammonia adsorption/desorption
process at different operating conditions of GHSV and heating rate.

10.4 NH3–NO/O2 Reacting System

After studying the adsorption, desorption and oxidation of ammonia, the research
work was focused on the NH3-NO/O2 reacting system. With such a feed mixture,
the main reaction occurring over V-based catalysts is the so-called ‘‘standard’’
SCR: in the presence of oxygen, NO reacts with ammonia according to

4NH3 þ 4NO þ O2 ! 4N2 þ 6H2O ð10:13Þ

In order to develop a kinetic model that is able to describe the reactivity of the
NH3-NO/O2 reacting system, transient experiments in a wide range of tempera-
tures (50–550 �C) were performed. The effect of the operating conditions on the
NO conversion and on the selectivity to N2 was also investigated. NO ? NH3/O2

TPR runs were first carried out with different oxygen feed contents (Fig. 10.3,
symbols): 1,000 ppm of ammonia and 1,000 ppm of NO were fed @50 �C to the
test microreactor in a stream containing 1 % water, 2 or 6 % oxygen, balance
helium with GHSV of 92,000 h-1, and then a temperature ramp was started at
2 �C/min.

As the temperature reached 150 �C, consumption of NO and NH3, and pro-
duction of nitrogen occurred in line with the stoichiometry of reaction (10.13).
When the catalyst temperature reached 350 �C, total conversion of NO, with
100 % selectivity to nitrogen, was observed. The ammonia signal was slower than
NO in reaching full conversion because of the desorption dynamics present during
the T-ramp and of the instrumental delay of the ammonia signal. No formation of
either NO2 or N2O was observed, while a moderate promoting effect of oxygen on
the SCR activity was clearly apparent over the whole investigated T-range.

Additional TPR experiments were performed to investigate the influence of
space velocity (92,000–230,000 h-1) and of the water feed content (1–10 %) on
the SCR reactivity. It was found that NO and NH3 conversions decreased on
increasing the space velocity and that there was no significant influence of the
water feed content on the SCR reaction (10.13).

Transient response method (TRM) experiments were then performed with the
aim of investigating the dynamic response of the system to step changes of the
reacting mixture composition. Figure 10.4 (a, b, and c symbols) show some TRM
runs carried out at different T.

Looking at the run performed at 200 �C, it appeared that as, at t = 0 s,
1,000 ppm of ammonia were instantaneously added to the feed, the NO outlet
concentration quickly decreased from the feed value to about 750 ppm. At the
same time, the N2 trace increased as a mirror image from 0 up to about 250 ppm,
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while the NH3 outlet concentration trace exhibited a dead time before growing up
to 750 ppm. This behavior is due to the fact that NH3 was involved both in an
adsorption process upon the catalyst surface and in the SCR reaction. The steady-
state values of NH3, NO, and N2 were consistent with the stoichiometry of the
SCR reaction (10.13), with a conversion of roughly 25 %. At a time of about
2,600 s the NH3 feed was shut down and the NH3 outlet concentration trace
dropped quickly.

During both the NH3 start-up phase and the NH3 shutoff period N2 and NO
exhibited peculiar dynamics. A major effect was observed when the NH3 feed
concentration was restored to 0 ppm: the NO outlet concentration first decreased,
passed through a minimum and then began to increase due to the depletion of
adsorbed ammonia. A symmetrical evolution was observed for N2, thus proving
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that during the transient phase of ammonia shutdown, when only adsorbed NH3

was reacting with NO continuously fed to the reactor, the deNOx activity of the
system was temporarily enhanced until complete consumption of the residual NH3

on the catalyst surface. This confirmed that excess ammonia inhibits the SCR
reaction (10.13), as already pointed out by several authors [24, 32–35] over
vanadium-based catalysts, but also over Fe-zeolite systems [36–38].

A minor transient feature was also manifested when ammonia was admitted to
the reactor (t = 0 s): the NO outlet concentration immediately decreased, went
through a weak minimum near 250 s, and finally slightly increased, reaching
steady state in correspondence at the end of the ammonia feed phase. Again, the
nitrogen evolution was symmetrical to that of NO. The same ammonia inhibition
effect invoked to explain the enhancement in the deNOx conversion at ammonia
shutdown could explain this transient behavior, too. In fact both features suggested
the existence of an optimal ammonia surface concentration, which was lower than
the coverage established at steady state.

Experiments similar to the one just described were performed at higher tem-
peratures (225–350 �C). On increasing the reaction temperature the steady-state
concentrations of NH3 and NO were lowered while nitrogen concentration
increased, in agreement with the increase of the SCR activity with temperature.
The stoichiometry of reaction (10.13) was always respected and the deNOx
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reaction was fully selective to nitrogen in the whole T-range investigated. For
temperatures higher than 275 �C total conversion was achieved.

With regard to dynamics, faster transients were observed on increasing the
reaction temperature, as a shorter time was needed for the signals to reach steady
state. Moreover, the transient features of the NO and N2 traces at the ammonia
shutoff, associated with the optimal ammonia surface concentration previously
mentioned, gradually vanished as the temperature increased. This is in line with
the decrease of adsorbed NH3 on increasing temperature previously observed.

Analogous TRM runs were carried out at 200, 225, 250, and 275 �C in the same
conditions of the experiments just shown (1,000 ppm NH3, 1,000 ppm NO, 1 %
H2O, GHSV = 92,000 h-1), but with 6 % of oxygen in the feed. Figure 10.5
(symbols) illustrates the results of such runs.

With 6 % of oxygen feed the steady-state conversions resulted slightly higher
than the conversions with 2 % oxygen at the corresponding temperature, in line
with the results of the TPR experiments (Fig. 10.3).

The kinetic analysis of the whole set of transient data collected over the
powdered SCR catalyst was addressed using the dynamic one-dimensional iso-
thermal heterogeneous plug-flow model of the test microreactor described above.

Reactions R.1–R.4 of Table 10.1 were included in the kinetic model and the
ammonia and nitrogen mass balance equations were modified in order to include
account of the standard SCR reaction (10.13). Moreover, the mass balance of
gaseous NO was introduced:
(a) adsorbed phase

NH3
*

X
ohNH3

ot
¼ rads � rdes � rox � rNO ð10:14Þ

(b) gas phase
NH3

e
oCNH3

ot
¼ �v

oCNH3

oz
� ð1� eÞðrads � rdesÞ ð10:15Þ

N2

e
oCN2

ot
¼ �v

oCN2

oz
þ ð1� eÞðrNO þ

1
2

roxÞ ð10:16Þ

NO

e
oCNO

ot
¼ �v

oCNO

oz
� ð1� eÞ � rNO ð10:17Þ

In order to challenge different mechanistic proposals for the SCR catalytic
kinetics on a quantitative basis, three rate expressions for the SCR reaction (rNO)
were examined: they will be herein discussed in relation to their ability to
reproduce the dynamic features of our experiments. In all cases, together with the
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standard SCR reaction (10.13), the reactions of adsorption–desorption of NH3, and
ammonia oxidation to N2 (10.8) were considered and the kinetic expressions
discussed in the previous sections were used jointly with each one of the SCR rate
expressions introduced in the following.

Eley–Rideal Kinetics (ER)—In line with several literature indications [18, 19],
we started from an Eley–Rideal (ER) rate law [1, 3, 5, 12, 19, 22] assuming that
the SCR reaction occurs between adsorbed ammonia and gaseous (or weakly
adsorbed) NO:

rNO ¼ ko
NO � e�

E
NO
RT � CNO � hNH3 ð10:18Þ
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A global multiresponse nonlinear regression of the five TRM and TPR runs
performed with 2 % v/v O2 (see Figs. 10.3 and 10.4) provided the estimates of the
two rate parameters in Eq. (10.18) (k�NO, ENO).

The data fits obtained using Eley–Rideal kinetics, Eq. (10.18), are compared in
Fig. 10.4a (solid lines) with the TRM data at 2 % oxygen. In all cases, a satis-
factory agreement was achieved between experimental and calculated data, but for
the NH3 startup and shutdown transients at the lowest investigated temperatures: in
these cases, the minima in the NO concentration trace and the corresponding
maxima in the N2 trace were not reproduced by the model. This is not surprising,
since Eq. (4.16) does not take into account the inhibiting effect of NH3 on the SCR
reaction to which such a nonmonotonic behavior is ascribed [3–5].

Modified hNH3 Kinetics (Mh)—A modified Eley-Rideal rate expression
(Modified hNH3, Mh) was also proposed in the literature [12, 22–24] in order to
describe transient data collected at low temperatures indicating that a ‘‘reservoir’’
of NH3 species, possibly adsorbed on poorly reactive but abundant W and Ti acidic
sites, is present and available for the SCR reaction upon ammonia desorption
followed by re-adsorption at the active V sites:

rNO ¼ ko
NO � e�ENO=RT � CNO � h�NH3

� ð1� e�hNH3

ffi
h�NH3 Þ ð10:19Þ

Equation (10.19) implies that rNO becomes essentially independent of the
ammonia surface coverage above a critical NH3 coverage identified by h*NH3.

Like for the ER rate expression, a global multiresponse nonlinear regression of
all the TRM and TPR runs performed with 2 % O2 provided the estimates of the
three rate parameters in Eq. (10.19) (k�NO, ENO, h*NH3).

Figure 10.4b (solid lines) shows the fit obtained using Eq. (10.19) for the TRM
data with 2 % oxygen. It clearly appears that this kinetic expression afforded a
good agreement between experimental and calculated data, again with the
exception of the outlet concentrations of nitric oxide and nitrogen during the NH3

startup and shutdown transients at the lower temperatures, where it predicted a
prolonged duration of the NO conversion associated with depletion of the NH3

surface ‘‘reservoir’’, but failed to account for the maximum in the deNOx rate at
decreasing ammonia coverage. In fact, like in the case of ER kinetics, the deri-
vation of the Modified hNH3 rate expression did not consider the ammonia inhi-
bition effect.

Modified Redox Kinetics (MR)—In order to take into account the redox nature
of the Standard SCR reaction and the observed transient features indicating an
ammonia inhibition effect, a new kinetic model was derived.

It assumed that two different types of sites are available on the surface of the
V2O5-WO3/TiO2 catalyst: one Redox site for O2 and NO adsorption/reaction (S1)
and one acidic site for NH3 adsorption (S2). Kapteijn et al. [34] and Valdés-Solìs
et al. [39, 40] also reported similar assumptions to derive SCR rate expressions for
Mn2O3-WO3/Al2O3 catalysts and for carbon-supported V2O5 catalysts, respectively.

Even if not strictly relevant for kinetic purposes, in agreement with spectro-
scopic and mechanistic evidence [21, 25, 41], it was proposed that S1-sites are
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associated with vanadyl species, whereas S2-sites were associated with other
nonreducible, strongly acidic surface sites, such as Vanadium-related Brønsted or
Lewis sites, or also with sites related to the other oxide catalyst components: it is
well known in fact that NH3 adsorption occurs also onto V-free WO3/TiO2 cata-
lysts [27] and that these NH3 adspecies can act as a ‘‘reservoir’’ for NH3 storage/
reaction, as implied also in the Mh rate law [12] previously discussed.

Starting from oxidized S1 sites, we proposed the following Modified Redox
(MR) kinetic scheme:

S1 ¼ O þ NO$ S1 ¼ O NO½ � ð10:20Þ

S2 þ NH3 $ S2 NH3½ � ð10:21Þ

S1 ¼ O NO½ � þ S2 NH3½ � ! N2 þ H2O þ S1 � OH þ S2 ð10:22Þ

S1 � OH þ 1
4

O2 ! S1 ¼ O þ 1
2

H2O ð10:23Þ

where step (10.20) accounts for a weak NO adsorption, step (10.21) is the strong
ammonia adsorption, the DeNOx step (10.22) involves reduction of the S1 sites,
and reoxidation of reduced S1 sites is represented by step (10.23).

In addition to steps (10.20)–(10.23), we further assume the following reversible
‘‘NH3 spillover’’ step involving adjacent S1- and S2-sites:

S1 þ S2 NH3½ � $ S1 NH3½ � þ S2 ð10:24Þ

When proceeding to the right, step (10.24) results in NH3 blocking sites S1,
which are thus subtracted from the redox cycle. Accordingly, step (10.24) can in
principle account for the observed ammonia inhibition.

The overall balances of S1- and S2-sites yield:

1 ¼ r¼O þ rNO þ rNH3 þ rOH ð10:25Þ

1 ¼ hfree þ hNH3 ð10:26Þ

where the terms in the RHS of Eq. (10.25) represent the fractional coverages of
S1 = O, S1 = O[NO], S1 = [NH3] and S1-OH, respectively, while hNH3 in Eq.
(10.26) indicates the fractional coverage of S2[NH3].

We then expressed the rates of step (10.22), i.e., the surface reaction between
activated NO and adsorbed NH3, involving reduction of S1-sites, and of step
(10.23), involving reoxidation of S1-sites, as, respectively,

rred ¼ rNO ¼ kNOKNOCNOhNH3r¼O ð10:27Þ

rreox ¼ kreoxp1=4
O2 rOH ð10:28Þ

Equation (10.27) implies assuming quasi-equilibrium for step (10.20).
On imposing that rNO = rreox, we obtained a relationship between the surface

concentrations of reduced and oxidized S1 sites,
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rOH ¼
kNOKNOCNOhNH3

kreoxp1=4
O2

r¼o ð10:29Þ

Thus, from Eq. (10.25), on further assuming negligible surface concentration of
NO due to its weak adsorption,

r¼o ¼
1� rNH3

1þ kNOKNOCNOhNH3

kreoxp1=4
O2

ð10:30Þ

and, from Eq. (10.27),

rNO ¼
ko

NO � e�ENO=RTCNOhNH3

1þ kO2
CNOhNH3

p1=4
O2

1� rNH3ð Þ ð10:31Þ

where ko
NO � e�ENO=RT ¼ kNOKNO, and kO2 ¼ kNOKNO

kreox
.

In order to arrive at a closed form for the deNOx rate equation, rNH3 had to be
evaluated. Assuming the rate of NH3 spillover, step (7), to be of the same order of
magnitude as the rate of NH3 buildup—depletion on S2-sites, which determines the
characteristic time for the SCR transients, a kinetic approach was taken, resulting
in the following balance for the S1-NH3 sites:

drNH3

dt
¼ ksp hNH3ð1� rNH3Þ �

rNH3ð1� hNH3Þ
KNH3

� �
ð10:32Þ

The evaluation of the SCR rate rNO according to Eq. (10.31) then required time
integration of Eq. (10.32).

A global multiresponse nonlinear regression was performed to fit Eqs. (10.31)
and (10.32) to all the performed TRM and TPR runs. Notably, since Eq. (10.31)
included an explicit kinetic dependence on oxygen, data at both 2 and 6 % v/v O2

feed content were included in the regression in this case for a total of 10 transient
runs. The temperature dependence of kO2, KNH3, and ksp was neglected in the
regression to minimize the number of parameters, and a reparameterized form of
Eq. (10.31) was used in order to reduce correlations among the parameter
estimates.

Figure 10.4c (solid lines) illustrates the adequacy of the global fit of the TRM
runs with 2 % O2: the MR rate law could evidently capture the complex maxima–
minima features of the experimental NO and N2 traces (symbols) at low T at both
NH3 startup and shutdown much better than Eq. (10.18) (Fig. 10.4a—solid lines)
and Eq. (10.19) (Fig. 10.4b—solid lines).

Since the MR rate model, Eqs. (10.31) ? (10.32) relies on the assumption that
the SCR reaction is governed by a redox mechanism and therefore predicts a
kinetic dependence on oxygen, it was further validated against the experimental
data collected at the higher oxygen content. Figures 10.4 and 10.5 compare model
predictions (solid lines) obtained using the MR rate law with the corresponding
experimental results (symbols) obtained performing TRM runs at different
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temperatures in the presence of 6 % v/v of oxygen and TPR runs with either 2 or
6 % v/v oxygen in the feed stream, respectively. Inspection of Figs. 10.4 and 10.5
confirms that changing the DeNOx rate law from the ER-based Eqs. (10.18) or
(10.19) to the new MR kinetic model, Eqs. (10.31) ? (10.32) allowed about a
remarkable improvement in the description of fast SCR transients and brought a
good description of the experimental oxygen effect: this supports the redox
mechanism for the SCR reaction.

The parameter estimates provided by the fit based on MR kinetics were also
used to simulate the experiments of Fig. 10.6: pulsed ammonia steps (1,000 ppm)
were fed at 200 �C while feeding 1,000 ppm of NO, 2 % O2, 1 % H2O in He with
a GHSV of 92,000 h-1. Two runs were performed with different pulse frequency.
Notably, these were particularly demanding conditions with respect to the
ammonia inhibition effect. The simulation results are also displayed in Fig. 10.6
(solid lines): it clearly appears that, on a purely predictive basis, the MR rate
expression was able to follow the fast transients of these experiments.

On the other hand, neither the simple Eley–Rideal kinetics Eq. (10.18) nor the
Modified hNH3 Kinetics Eq. (10.19) were able to simulate successfully the same
experimental transients. Figure 10.7 shows for example the simulation obtained
with the Modified hNH3 Kinetics Eq. (10.19) for the same run shown in Fig. 10.6b:
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the complex maxima-minima transient behavior was not reproduced by such
kinetic expression.

It is worth mentioning that a simplified expression of Eq. (10.31) could be readily
obtained under the limiting assumption of fast NH3 spillover: in line with this
hypothesis, in fact, quasi-equilibrium for step (10.24) could be assumed to derive

1� rNH3 ¼
1

1þ KNH3
hNH3

1�hNH3

ð10:33Þ

On substituting Eq. (10.33) into (10.31), the following explicit form of the
redox SCR rate equation was achieved:

rNO ¼
ko

NO � e�E�
NO=RT CNOhNH3

1þ KNH3
hNH3

1�hNH3

� �
1þ kO2

CNOhNH3

p1=4
O2

� � ð10:34Þ

Equation (10.34) involves one adjustable parameter less than the general form,
Eq. (10.31) ? (10.32). It was fitted to the transient TRM and TPR runs at 2 and
6 % O2, too. The fit results were essentially identical to those reported in
Figs. 10.3, 10.4, and 10.5, but for the small transient features observed during
ammonia step feed to the reactor in the low-T TRM runs, which were not
reproduced by Eq. (10.34).

As an example, the comparison between the model fit based on Eq. (10.34) and
the experimental data for the TRM run with 2 % oxygen at 200 �C is illustrated in
Fig. 10.8.

Equations (10.31) ? (10.32), or their simplified form Eq. (10.34), have specific
implications with respect to important SCR kinetic and mechanistic issues. Herein,
we discuss such implications in relation to Eq. (10.34) for the sake of simplicity,
but the following considerations apply as well to the more general form, Eqs.
(10.31) ? (10.32).
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The MR rate expression Eq. (10.34) differs from the Eley-Rideal rate Eq.
(10.18) only in its denominator, which accounts both for the adverse kinetic effect
of NH3 and for the favorable O2 dependence: at low ammonia coverage (as, e.g., at
high temperature), the denominator tends to unity and Eq. (10.34) formally
reduces to Eq. (10.18). Indeed, this is consistent with the experimental indications
discussed above: the ammonia inhibiting effect is particularly evident at low
temperatures, but tends to disappear in the runs performed at temperatures of
250 �C and above, where ammonia coverage becomes lower. Likewise, the oxy-
gen dependence is reportedly most manifest at low temperatures.

The improved transient kinetic fit associated with MR kinetics originates from
the capability of Eq. (10.34) to accommodate the NH3 inhibition effects, which
pointed out the existence of optimal ammonia surface concentrations. This can be
better focused by analyzing the dependence of Eq. (10.34) on the ammonia cov-
erage hNH3. In Fig. 10.9, rNO/kNO/CNO is plotted as a function of hNH3 for a given
set of conditions (pO2 = 0.1 bar and CNO = 1,000 ppm): a maximum in the SCR
reaction rate is clearly apparent at approximately hNH3 = 0.28, the optimal value
depending on reaction conditions. Thus, the DeNOx efficiency is enhanced if the
mean ammonia coverage is brought close to its optimal value, which could be
predicted by Eq. (10.34): this observation has of course important consequences
for the rational selection of the urea injection strategy in SCR systems for vehicles.

In connection to NH3 inhibition, it is important to stress that the transient effects
observed at low temperature during the NH3 shutdown phase exhibited charac-
teristic times of a few minutes (see Fig. 10.8), i.e., they are of the same order of
magnitude as the characteristic times for buildup/depletion of ammonia adsorbed
onto the SCR catalyst. This is consistent with step (10.24) in the derivation of the
MR kinetic model, which attributes the blocking of the active sites S1 to spillover
of ammonia adsorbed on S2 sites.

The derivation of the simplified MR rate law Eq. (10.34) assumed quasi-
equilibrium for step (10.24), that is the NH3 spillover step, thus meaning that as
soon as ammonia is adsorbed onto S2- sites it can spill to adjacent S1- redox sites.
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This would imply that S1- and S2-sites are characterized by a similar NH3

adsorption capability. Indeed, it is reported [27] that ammonia can adsorb onto all
the different types of sites (vanadia, tunsgta and titania), which are, however,
characterized by different acidity; more specifically, the most acidic sites are
known to be tungsta and titania, while vanadia, also due to the fact that is present
in smaller amount, contributes to a less extent to determine the overall ammonia
adsorption capacity of these catalysts. Considering also that S1-sites may be
associated with vanadyl species, whereas the S2-sites are likely associated with the
other acidic surface sites, it appeared that the quasi-equilibrium assumption for
step (10.24) may be not totally consistent with the physicochemical properties of
V/W/Ti catalysts. According to a more plausible picture, as soon as it is admitted
to the reactor ammonia starts adsorbing onto the more acidic and more abundant
S2-sites: when the catalyst is close to saturation, ammonia is partially transferred to
the less acidic and less abundant S1- sites and blocks them, thus inhibiting the SCR
reaction. Then, the spillover step (10.24) is likely a slow, activated, kinetically
controlled process, in line with the better description of the low-T transients at
ammonia step feed provided by Eq. (10.31). Nevertheless, at least for the condi-
tions herein investigated, the quasi-equilibrium assumption for step (10.24) in Eq.
(10.34) seems to grant an excellent approximation for practical and engineering
purposes, as apparent, e.g., from Fig. 10.8.

10.5 NH3–NO/NO2 Reacting System

A systematic kinetic investigation of the NH3-NO/NO2 SCR system was carried
out over the full range of NO/NOX feed ratios (from zero to unity) and over a
representative range of temperatures (160–425 �C). In total, 31 such TRM runs
were performed.
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Figure 10.10 illustrates the results obtained at different temperatures in tran-
sient reaction experiments with a NO/NOx = 1 feed ratio, corresponding to a feed
mixture of 1,000 ppm of NH3, 1,000 ppm of NO, 2 % O2 and 1 % H2O v/v, with
balance He. These experiments were very similar to those shown in Fig. 10.4
involving only the standard SCR reaction and are reported here for completeness.
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Figure 10.11 shows data collected when a stream consisting of 1,000 ppm of
NH3, 750 ppm of NO, 250 ppm of NO2, 2 % O2, and 1 % H2O, with balance He
was fed to the reactor at different temperatures (R = NO/NOx = 0.75).

In the case of the experiment performed at 175 �C (Fig. 10.11a), at t = 3,000 s
the NOx mixture was added to the ammonia feed, and the reaction took place.
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At steady-state production of 500 ppm of nitrogen was observed, associated with
total consumption of NO2 and with consumptions of 250 ppm of NO and 500 ppm
of NH3. These values reflect exactly the stoichiometry of the Fast SCR, reaction
(10.35),

2NH3 þ NO þ NO2 ! 2N2 þ 3 H2O ð10:35Þ

which was undoubtedly responsible for such an enhanced activity at low T as
compared to Fig. 10.10. Indeed, the addition of NO2 to the reacting system
resulted in a marked increase of the NOx conversion, which went from 5 %
measured in the case of the Standard SCR reaction (Fig. 10.10a), up to roughly
50 %. It should be also noticed that in this run the overall deNOx efficiency was
limited by the NO2 feed concentration. In fact, analyzing the run performed at
200 �C (Fig. 10.11b), it appears that the NOx conversion did not grow further: this
was related to the fact that the limiting reactant NO2 was totally converted already
at 175 �C.

At T [ 200 �C (Fig. 10.11c–f) as expected, the standard SCR also became
significantly active, as demonstrated by the increased NH3 and NO conversions
and N2 production. Again, the limited amount of 25 % of NO2 in the feed stream
remarkably promoted the low temperature deNOx efficiency with respect to the
case in which only NO was present: in fact, at 275 �C the gain in NOx conversion
was still significant (from 70 to nearly 90 %).

Experiments were then performed feeding 1,000 ppm of ammonia and NO and
NO2 in equimolar amounts (500 ppm each, R = NO/NOx = 0.5) in the presence
of 2 % O2 and 1 % H2O, with balance He. The results in the T-range 160–350 �C
are reported in Fig. 10.12a–f.

At 200 �C (Fig. 10.12c), after achieving steady state, a production of 700 ppm
of nitrogen was observed, together with a consumption of 350 ppm of NO,
350 ppm of NO2 and 700 ppm of NH3. Such values reflect exactly the stoichi-
ometry of the Fast SCR, reaction (10.35), with a 70 % conversion of NOx.

The Fast SCR was the prevailing reaction in the whole analyzed T-range,
between 175 and 425 �C, and indeed, the conversions of NO and NO2 resulted
very similar while the trends of ammonia and nitrogen were mirror-like, in
agreement with (10.35).

Conversely, the run performed at 225 �C showed a higher NO conversion with
respect to NO2: the result was explained considering the simultaneous occurrence
of the standard SCR reaction (10.13), which indeed was active at such T (see
Fig. 10.10). As shown in the following (see Fig. 10.14), at higher temperatures the
NO2 SCR reaction (10.36)

8NH3 þ 6NO2 ! 7N2 þ 12H2O ð10:36Þ

also became active on V-based systems [7] so that the excess NO2 detected at
225 �C was consumed and total conversion of both NO and NO2 was achieved.

A peculiar behavior was noted in the run at 160 �C: a significant deviation
between NO and NO2 conversions was evident associated with a lack in the N-
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balance: as discussed below, at such a low temperature NO2 can be consumed in
fact not only by the Fast SCR, but also by the ammonium nitrate formation
reaction (10.37) [1, 7],

2NH3 þ 2NO2 ! N2 þ NH4NO3 þ 3H2O ð10:37Þ
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Figure 10.13a–f shows the results of six TRM runs performed feeding
1,000 ppm of NH3, 670 ppm of NO2, 330 ppm of NO, 2 % O2 and 1 % H2O, with
balance He (R = NO/NOx = 0.33), thus in excess of NO2 in the NOx feed
mixture.

Inspection of Fig. 10.13a–d, data obtained at T B 275 �C, indicated that all the
NO in the feed was consumed according to the Fast SCR stoichiometry, reaction
(10.35), while the steady-state concentrations of the other species pointed out also
the formation of ammonium nitrate (10.37) and of N2O

NH4NO3 ! N2Oþ 2H2O ð10:38Þ

At higher temperatures (Fig. 10.13e and f), an enhanced consumption of
reactants was observed, accompanied by production of nitrogen. This feature was
ascribed to the onset of the NO2-SCR reaction (10.36).

In order to investigate the reactivity of the SCR system in the presence of
NH3 ? NO2 only, TRM runs were performed in the 175–425 �C range using a
feed mixture containing 1,000 ppm of NH3, 1,000 ppm of NO2, 2 % O2, and 1 %
H2O, with balance He (R = NO/NOx = 0): the results are reported in
Fig. 10.14a–f.

At T = 175 �C (Fig. 10.14a), as soon as NO2 was fed to the reactor an equi-
molar consumption of the two reactants NO2 and NH3 with a simultaneous pro-
duction of nitrogen was observed. This was well explained by the occurrence of
reaction (10.37), with a conversion of about 50 % [1, 7]: this reaction involves in
fact formation of solid ammonium nitrate, a salt that is in equilibrium with gaseous
HNO3 and NH3 below about 170 �C. Indeed, in this experiment a lack of 25 % in
the N-balance at steady state was apparent, which was ascribed to the precipitation
of a corresponding amount of NH4NO3 and was consistent with the concentrations
of ammonia, NO2, nitrogen, and NH4NO3 according to the stoichiometry of
reaction (10.37).

By increasing the temperature of the experiments (Fig. 10.14b–f), N2O
appeared among the reaction products, possibly due to a partial decomposition of
ammonium nitrate species (reaction 10.38) and its concentration increased up to
275 �C. In the high-temperature region (Fig. 10.14d–f), a sudden increase in the
conversion of the reactants NO2 and NH3 and in the production of nitrogen was
observed. This was due to the onset of the NO2 SCR, reaction (10.36), which
involves conversion of NH3 and NO2 in nonequimolar amounts.

The influence of the reactants feed concentrations on the activity of the Fast
SCR reaction (10.35) was investigated by means of 11 additional TRM runs,
where a feed containing NOx with constant R = NO/NO2 = 1 was stepwise added
to a feed stream of NH3, O2 (2 %), H2O (1 %), and balance helium at 200 �C. The
runs included different ammonia (1,000, 700, and 550 ppm) and NOx (1,000, 700,
550, and 300 ppm) feed contents [8].

The data collected varying the NOx feed concentrations for constant ammonia
feed showed that the steady-state levels of reactants and products agreed as
expected with the stoichiometry of the Fast SCR reaction (10.35), with an overall
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conversion which was only slightly affected by the variation of the reactant
concentrations.

Minor differences were found only in the dynamics of reactants admission or
removal from the reactor: indeed, by increasing the NOx concentration or on
decreasing that of ammonia, an enhancement of the transient features associated
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with NOx admission was evident; conversely, the transient behaviors at NH3

shutoff seemed more marked when decreasing NOx concentration or increasing
ammonia content. This effect could still be related to the ammonia inhibition effect
already discussed.

The kinetic analysis of the large set of transient data collected varying in the
NO2/NOx feed ratio was addressed according to a dynamic one-dimensional iso-
thermal heterogeneous plug-flow model of the test microreactor coupled with a
nonlinear regression code as already described in the previous paragraphs.

The test reactor model comprised the following transient mass balance equa-
tions of adsorbed ammonia and nitrates, and of gaseous NH3, N2, NO, NO2, N2O,
HNO3 as reported in the following:
adsorbed phase: NH3 and HNO3

X
ohNH3

ot
¼ rads � rdes � rox � rDeNOx � ramm � rNO2�rN20 ð10:39Þ

X
ohHNO3

ot
¼ ramm þ radnit � rdesnit � rfst � rN2O ð10:40Þ

gas phase: NH3, N2, NO, NO2, N2O, HNO3

e
oCNH3

ot
¼ �v

oCNH3

oz
þ ð1� eÞð�rads þ rdesÞ ð10:41Þ

e
oCN2

ot
¼ �v

oCN2

oz
þ ð1� eÞ 1=2rox þ rDeNOx þ ramm þ 7=8rNO2ð Þ ð10:42Þ

e
oCNO

ot
¼ �v

oCNO

oz
þ ð1� eÞð�rDeNOxÞ ð10:43Þ

e
oCNO2

ot
¼ �v

oCNO2

oz
þ ð1� eÞ rfst � 2ramm � 3=4rNO2ð Þ ð10:44Þ

e
oCN2O

ot
¼ �v

oCN2O

oz
þ ð1� eÞrN2O ð10:45Þ

e
oCHNO3

ot
¼ �v

oCHNO3

oz
þ ð1� eÞ �radnit þ rdesnitð Þ ð10:46Þ

In line with previous findings [1, 7], we further assumed that any gaseous HNO3

leaving the test reactor reacted with NH3 to form NH4NO3 reaction (10.37), that
therefore went undetected and built-up somewhere downstream from the reactor,
thus giving rise to a lack in the overall N-balance.

The set of PDEs (10.39)–(10.46), with obvious initial and boundary conditions
was solved numerically according to the method of lines, based on axial discret-
ization with backward finite differences and on time integration by Gear’s
algorithm.
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The same estimates of kinetic parameters for ammonia adsorption/desorption
and oxidation as previously obtained were retained with no further adjustment.

The nitrates adsorption capacity was set to the same value of the ammonia
storage capacity X, based on adsorption runs of NO2 showing a comparable
storage of ammonia and NO2 and in line with the assumption that ammonia and
nitrates are adsorbed on the same S2 sites.

Concerning the rate parameters in the remaining rate expressions for the SCR
reactions, the temporal evolutions of the outlet NH3, NO, N2, NO2, N2O con-
centrations were used as fitted responses in a global multiresponse nonlinear
regression of 42 different TRM experiments performed with feeds including water
and oxygen, using a robust multimethod regression routine. With respect to the
large number of fitting parameters required to account for the comprehensive
reaction scheme, and in order to minimize correlations, a sequential fitting strategy
was followed. Thus, first the rate parameters associated with formation, adsorption
–desorption of nitrates, (ramm, rnit), were estimated by regressions of results from
runs with feeds containing NO2 ? NH3 only. In a subsequent stage, the estimates
of the rate parameters of the fast SCR rate expression (rfst) were secured by
regression on runs involving NO ? NO2 ? NH3 at temperatures below 250 �C,
where the NO2 SCR reaction was not active. Finally, the rate parameters for the
NO2 SCR and the formation of N2O were estimated from the high-temperature
TRM runs.

Concerning the rate expressions, extending the dual-site Redox kinetics already
presented for the NH3–NO/O2 reacting subsystem, a new global kinetic model for
the full NH3–NO/NO2 SCR reacting system was derived.

The catalyst reduction steps are steps (10.20)–(10.22), already written for the
NH3–NO reacting system, were still assumed for the Fast SCR reaction, while for
the reoxidation steps, a new step (10.47) was added to step (10.23), which con-
sidered the catalyst reoxidation by oxygen, to include the possibility for nitrates to
reoxidize the catalytic sites:

S1 � OH þ S2 HNO3½ � ! S1 ¼ O þ NO2 þ H2O þ S2 ð10:47Þ

In addition, we considered two different non-redox reaction steps: ammonia
spillover, step (10.24), and nitrates formation, steps (10.48)–(10.50):

2 NO2 þ H2O$ HONO þ HNO3 ð10:48Þ

HONO þ S2 NH3½ � ! N2 þ 2 H2O þ S2 ð10:49Þ

HNO3 þ S2 $ S2 HNO3½ � ð10:50Þ

Steps (10.48)–(10.50) describe the formation of surface nitrates S2[HNO3] onto
the catalyst via disproportion of NO2, in line with literature indications for V-
based and zeolite SCR catalysts [44–46]. It was postulated that surface nitrates are
formed onto non-redox S2 sites. A basis for this assumption was the observation
that NO2 disproportion with nitrates storage, as well as the related formation of
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ammonium nitrate in the presence of ammonia, occurred also over a V-free WO3/
TiO2 catalyst [6] and over other non-redox materials [42–44].

Notice that, in the absence of NO2, and thus of surface nitrates, steps (10.20)–
(10.23) only were left, which sum up to the stoichiometry of the standard SCR
reaction (10.13), whereas the combination of steps (10.20)–(10.22), (10.47),
(10.48)–(10.50) resulted in the Fast SCR reaction (10.35).

Finally, step (10.50) accounted for the reversible desorption of nitrates. It is
worth mentioning that nitric acid could react with ammonia to form ammonium
nitrate salt,

HNO3 þ NH3 $ NH4NO3 ð10:51Þ

Notice that NO2 played no direct role in the redox cycle. Indeed, we have
shown in [6] that in T-ramp experiments the rate of NO conversion at low T was
essentially identical either when feeding NO ? NH3 ? NO2 to a clean V-catalyst,
or when feeding NO ? NH3 only to the V-catalyst presaturated with nitrates.

The overall balances of S1- is still Eq. (10.25), that was considered for the
standard SCR reaction, while in that of S2-sites hHNO3 was also taken into account:

S2 � sites : 1 ¼ hfree þ hNH3 þ hHNO3 ð10:52Þ

Considering the rate of step (10.22), i.e., the reduction step, Eq. (10.27) is still
valid, while for the reoxidation of S1-sites we have Eq. (10.53) that includes the
reoxidation by both oxygen and surface nitrates:

rreox ¼ rreoxO2 þ rreoxHNO3 ¼ ðkox1p1=4
o2 þ kox2hHNO3ÞrOH ð10:53Þ

Following a Mars-van Krevelen approach, the rate of reduction rred was set
equal to rreox, the overall rate of oxidation, and thus, the following relationship
between the surface concentrations of reduced S1 sites (rOH) and of oxidized S1

sites (r = O) was obtained:

rOH ¼
kNOKNOCNOhNH3

kox1p1=4
O2 þ kox2hHNO3

r¼O ð10:54Þ

On further neglecting the surface concentration of NO due to its weak
adsorption, from Eq. (10.25)

1� rNH3 ¼ 1þ kNOKNOCNOhNH3

kox1p1=4
O2 þ kox2hHNO3

 !
r¼O ð10:55Þ

Under the limiting assumption of fast NH3 spillover, quasi-equilibrium for step
(10.24) was invoked, leading to

1� rNH3 ¼
1

1þ KNH3
hNH3

1�hNH3�hNit

ð10:56Þ
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Thus, on combining Eqs. (10.55) and (10.56) with Eq. (10.27)

rDeNOx ¼ rred ¼ rreox ¼
ko

NO � e�Eo
NO=RT CNOhNH3

1þ KNH3
hNH3

1�hNH3�hHNO3

� �
� 1þ kNOCNOhNH3

kox1p1=4
O2
þkox2hHNO3

� � ð10:57Þ

Notably, Eq. (10.57) expresses the overall reduction rate of NO, associated with
both the Standard SCR reaction rstd (reaction 10.13), and the Fast SCR reaction rfst

(reaction (10.35)): thus rDeNOx = rstd ? rfst.
It is interesting to examine the asymptotic behavior of the rate law Eq. (10.57)

under different conditions. In the absence of NO2, hHNO3 ? 0 and Eq. (10.57)
reduced to the dual-site Modified Redox (MR) rate law derived for the Standard
SCR reaction in Eq. (10.34).

In order to decouple the contributions of rstd and rfst in the overall NO reduction
rate rdeNOx, we consider that

rDeNOx ¼ rstd þ rfst ¼ rreoxO2 þ rreoxHNO3 ð10:58Þ

and that

rreoxHNO3

rreoxO2

¼ D
hHNO3

p1=4
O2

ð10:59Þ

with D ¼ kox2=kox1
representing the ratio of the rate constants for the two reoxi-

dation mechanisms. Accordingly,

rstd ¼ rDeNOx

1

1þ D hHNO3

p1=4
O2

ð10:60Þ

and rfst can be obtained from rDeNOx - rstd.
Finally, it was worth noticing that according to Eq. (10.57) the Fast SCR should

be active even in the absence of oxygen, the reoxidation of the V-sites being
carried out by nitrates only: in such a case, the deNOx rate expression Eq. (10.57)
reduced in fact to

rNO ¼
kNO CNOhNH3

1þ KNH3
hNH3

1�hNH3�hHNO3

� �
knit

CNOhNH3

hHNO3

� � ð10:61Þ

where knit = kNO/kox2.
The occurrence of the Fast SCR reaction when feeding NO, NO2 and NH3 in

the absence of gaseous oxygen was indeed observed [6].
To close the model, an expression for the rate of nitrates formation ramm must

be provided. This is done assuming that step (10.48) is a fast unfavorable equil-
ibrated disproportionation of NO2, followed by the rate determining reaction of
nitrous acid with adsorbed ammonia to form unstable ammonium nitrite, which
readily decomposes to nitrogen (step (10.49)). Accordingly,
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ramm ¼ k2 HONO½ �hNH3 ð10:62Þ

Assuming equilibrium for steps (10.48) and (10.50), and taking into account the
balance of S2-sites, (Eq. 10.52),

½HONO� ffi K1
C2

NO2ð1� hNH3 � hHNO3Þ
hHNO3

ð10:63Þ

In deriving Eq. (10.63), the H2O dependence was incorporated into K1, and a
small surface concentration of adsorbed nitrite species in view of their rapid
reaction with ammonia was assumed.

Finally, on combining Eqs. (10.62) with (10.63), and setting kamm = (K1 k2),
we got

ramm ¼
kammC2

NO2hNH3ð1� hNH3 � hHNO3Þ
hHNO3

ð10:64Þ

Notice that the derivation of Eq. (10.64) did not involve the redox sites S1: as
already discussed, this is indeed consistent with experimental evidence showing
that formation of nitrates occurs on V-free catalysts as well on V-based systems,
and with other literature indications that show nitrates formation over zeolites [42–
44] and alumina-based catalysts [45] in the absence of redox components.

In line with the facile formation of nitrates already at low temperatures [44],
and with the modest T-dependence of NH4NO3 formation experimentally observed
[4, 7, 46], no activation energy was assigned to kamm.

To describe the full NH3–NO/NO2-O2 reacting system in the whole range of
temperatures and NO2/NOX feed ratios, other reactions apart from those that
describe the redox cycles, resulting in the Standard and Fast SCR reactions, had to
be incorporated in the kinetic model. Such additional reaction steps included
ammonia adsorption/desorption and oxidation, nitrates adsorption and desorption,
NO2 SCR, and N2O formation (see Table 10.1).

The rates of adsorption–desorption of nitrates (R.7 and R.8 in Table 10.1) were
given the following expressions:

radsnit ¼ kadsnitCHNO3ð1� hNH3 � hHNO3Þ ð10:65Þ

rdesnit ¼ kdesnithHNO3 ð10:66Þ

The T-dependence of kadsnit and kdesnit, which played a minor role under typical
reaction conditions, was neglected in order to minimize the number of fitting
parameters.

Finally, for the rate of the NO2 SCR reaction (10.36) and of N2O formation
(10.38) we adopted, respectively,

rNO2S ¼ ko
NO2S exp �ENO2S=RT

� �
CNO2hNH3 ð10:67Þ
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rN2O ¼ ko
N2O exp �EN2O=RT

� �
hHNO3hNH3 ð10:68Þ

Figure 10.10 shows the results of the model fit of the six TRM runs with NO/
NOx feed ratio = 1. The good agreement between experimental (symbols) and
calculated (solid lines) traces both at steady state and during concentration step
changes, confirmed the goodness of the model in predicting the reactivity of the
NH3 ? NO reaction also at different space velocities with respect to those adopted
in the kinetic investigation of the Standard SCR reaction alone, shown, e.g., in
Fig. 10.6.

The results of the model fit of the TRM runs with NO/NOx feed ratio = 0 are
shown in Fig. 10.14. The fine prediction of the steady state levels of NH3, NO2,
and N2 at all temperatures means that the kinetics of all the involved reactions was
correctly estimated. Only N2O was underestimated to some extent in the inter-
mediate temperatures.

It is worth emphasizing how successful the model was in catching the complex
transient behavior observed in the low temperature runs at the reactants step
changes: when NO2 was admitted to the reactor the nitrogen experimental signal
clearly showed a peak, then decreased with time, eventually approaching its steady
state after about 200 s. Such an effect was due to the storage of nitrates, which
deactivated the catalyst once produced by the disproportion of NO2. A second
characteristic transient feature was observed at NH3 shutoff, still at low temper-
atures: nitrogen production did not drop immediately to zero, but showed a slow
decrease. Analogously, the NO2 signal did not instantly recover its 1,000 ppm inlet
concentration level. This effect was caused by the presence of adsorbed ammonia
that reacted with NO2 after the interruption of NH3 feed. Both these transient
phenomena were well predicted by the model, which accounts for adsorption–
desorption of both ammonia and nitrates, i.e., the processes dominating the system
transient behavior. The ability of reproducing the dynamic behavior of the cata-
lytic system is not only a valuable practical point in view of nonstationary SCR
applications, but also represents an important verification of the mechanistic
assumptions on which the model is grounded.

The fit of the TRM runs with NO/NOx feed ratio = 0.5 is shown in Fig. 10.12.
For these conditions dominated by the fast SCR reaction (10.35), a satisfactory
match between experimental and calculated data was generally observed in the
whole temperature range.

Figures 10.11 and 10.13 show the model fit over the six TRM runs with NO/
NOx feed ratio = 0.75 and over the six TRM runs with NO/NOx feed ratio = 0.33,
respectively. The model did a good job in this case, too: the steady state levels
were correctly predicted, thus revealing a good estimation of the relative rates of
the standard and the fast SCR upon varying the relative feed contents of NO and
NO2.
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10.6 Conclusions

This chapter shows the development of an unsteady NH3-SCR kinetic model of
over a Vanadium-based catalyst. The model was based on the results from an
extensive investigation of reactivity, chemistry, catalytic mechanism, and kinetics
of the full NH3–NO/NO2 SCR reacting system over a commercial V2O5-WO3/
TiO2 catalyst performed in our laboratories [1–10].

Briefly, it was found that the Fast SCR reaction proceeds via a sequential
scheme, which implies NO2 dimerization, its disproportionation to surface nitrites
and nitrates and their successive reactions with NH3, with formation of ammonium
nitrites and nitrates. Ammonium nitrite then rapidly decomposes to nitrogen, while
ammonium nitrate is reduced by NO to nitrites, forming NO2 [2, 3, 7]. It was
further experimentally shown that such a crucial step proceeds via a redox cycle
involving the very effective reoxidation of the reduced V-sites by surface nitrates
[6, 9]. This explains the higher rate of the Fast SCR reaction as compared to the
Standard SCR chemistry, in which the rate limiting catalyst reoxidation is carried
out less rapidly by gaseous oxygen [6].

Consistently, the kinetic model herein presented unifies Standard and Fast NH3-
SCR kinetics according to a single redox scheme. In such a scheme, just one
catalyst reduction step is considered, which involves the co-participation of
ammonia and NO. As opposite, the rate controlling reoxidation of the V catalyst
sites is performed by gaseous oxygen, when NOx include nitric oxide only,
whereas in the presence of NO2 a much higher reoxidation rate is obtained at low
T at the expense of nitrates adspecies formed by NO2 adsorption onto the catalyst
surface. Notably, the mechanistic redox kinetic model based on such assumptions
was able to reproduce successfully both the steady-state and transient behavior of
the complete NH3-NO/NO2 SCR reacting system over the full range of NO/NOx

feed ratios, going from zero (formation of ammonium nitrate from NH3 ? NO2) to
one (NH3 ? NO standard SCR), and including of course the most important NO/
NO2 equimolar case corresponding to the NH3 ? NO ? NO2 Fast SCR reaction.
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Chapter 11
Lean NOx Reduction by NH3

on Fe-Exchanged Zeolite and Layered
Fe/Cu Zeolite Catalysts: Mechanisms,
Kinetics, and Transport Effects

Michael P. Harold and Pranit Metkar

11.1 Introduction

Rising transportation fuel costs have increased the use of diesel-powered vehicles,
which are more fuel efficient than their gasoline counterparts. But the lean diesel
exhaust contains NOx (NO ? NO2) which is notoriously difficult to reduce in the
presence of excess O2. Selective catalytic reduction (SCR) of NOx with NH3

generated from onboard hydrolysis of urea has emerged as the catalytic process of
choice for reduction of NOx from the exhaust of medium- and heavy-duty vehicles
and engines. Various catalysts have been studied and researched for ammonia-
based SCR. The earlier success of Vanadia-based catalysts, such as V2O5/WO3/
TiO2 for stationary source applications, has led to their study for mobile applica-
tions [1–8]. However, while the V-based catalyst has very good selectivity to N2 at
temperatures below 500 �C, the catalyst suffers from significant deactivation at
higher temperatures that may be encountered during driving conditions. Moreover,
the catalyst is volatile at higher temperatures which could lead to the undesirable
release of V species. For these reasons, recent research has focused on Fe- and Cu-
based zeolite catalysts which are found to have high NOx activity and selectivity
over a wide range of temperatures [9–12]. The performance of Cu- and Fe-zeolite
catalysts has been reported in [13–27], respectively. In general, Cu-based catalysts
have higher activity at lower temperatures (\300 �C) whereas Fe-based catalysts
are more active at higher temperatures ([350 �C). BASF has commercialized the
eight-membered ring, small pore Cu-exchanged chabazite zeolite, originally
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discovered by Zones [28]. This catalyst has excellent thermal durability and
hydrocarbon tolerance [29, 30]. A related catalyst, Cu-modified SAPO-34, was
commercialized during the same period by Johnson-Matthey [31].

The NH3-based SCR reaction system involves several overall reactions which
we identify in the next section. In order to design new catalysts, it is advantageous
to understand the workings of existing Fe-based catalysts. This includes the
mechanism and kinetics of the main reactions, potential differences in the com-
position and structure of catalysts, the influence of transport processes, monolith
reactor features and performance, among other factors. To this end, our objective
for this chapter is to provide an overview of Fe-exchanged zeolite SCR which
spans catalyst, kinetics, and reactor features. We do not delve into detail about the
catalyst structure and related matters; these were amply covered in a review by
Brandenberger et al. [32] a few years ago. Nor do we get into the detail of SCR
reactor modeling; this subject was well covered by a review in the same year by
Guthenke et al. [33]. Instead, we present representative kinetics and reactor per-
formance data for the SCR reaction system on Fe-exchanged zeolites. Some of the
data are either previously unpublished or are taken from the recent literature.
Based on these data, the latest views of the SCR mechanism are discussed and
corresponding mechanistic-based kinetic models are compared and contrasted.
Recent studies investigating the effect of transport processes on the apparent
reaction kinetics and reactor behavior are highlighted as well as recently devel-
oped catalysts that combine Fe with another metal such as Cu. Finally, we describe
the features and predictive capabilities of SCR monolith reactor models that
contain kinetic descriptions of varying complexity together with the applicable
transport processes.

11.2 Reaction System Performance Features

Bench-scale flow reactor experiments are an effective way of examining the main
performance features of the SCR reaction system on various catalysts. In this
section, we review these features for Fe-based catalysts as a backdrop to consid-
ering more fundamental kinetics and mechanistic studies in Sect. 11.3 and transport
effects in Sect. 11.4. The selective catalytic reduction of NOx by ammonia on Fe-
ZSM-5 catalyst has been studied in detail by various research groups [19–22, 26,
27, 34–42]. The results from earlier studies of vanadia-based catalysts have un-
derpinned the more recent studies of zeolite-based catalysts. For example, Koebel
et al. [3, 6, 43] carried out a detailed study of the SCR chemistry on V-based
catalysts. Nova et al. [5, 8, 44, 45] studied the chemistry of SCR over V-based
catalyst and proposed a mechanism for the fast SCR reaction. To this end, the data
here are by no means unique but are intended to highlight the important trends.

The selective catalytic reduction of gas mixtures containing NO and NO2 is a
complex system involving multiple simultaneous reactions. In order to develop
new catalysts and more efficient SCR converters, knowledge of the main reaction

312 M. P. Harold and P. Metkar



system features and underlying kinetics is essential. Representative performance
data presented later in this section are interpreted with the main global reactions in
mind. To this end, the selective catalytic reduction of NO/NO2 by NH3 involves
following three main reactions that lead to the desired N2 product:

• Standard SCR Reaction: This reaction involves NO and NH3 reacting in pres-
ence of O2: (The heat of the reaction is estimated using standard heats of
formation of the reacting and product species with H2O in gaseous form.)

R1: 4NH3 þ 4NOþ O2 ! 4N2 þ 6H2O DH ¼ �407� 103J=molNH3

• Fast SCR Reaction: When both NO and NO2 in the feed react simultaneously to
produce N2 and H2O; it is called as ‘‘fast SCR’’ reaction (2) because it is much
faster than the standard SCR reaction (1):

R2: 2NH3 þ NOþ NO2 ! 2N2 þ 3H2O DH ¼ �378� 103J=molNH3

• NO2 SCR Reaction: This involves the reaction between NO2 and NH3 and unlike
the standard and fast SCR reactions it has a 4:3 NH3:NO2 stoichiometry:

R3: 4NH3 þ 3NO2 ! 3.5N2 þ 6H2O DH ¼ �341� 103J=mol NH3

Along with the three desired N2-selective reactions, a number of side reactions
occur which result in the undesired consumption of NH3 or generation of by-
products other than N2, principally N2O, NH4NO3, and HNO3. NH3 oxidation is an
important side reaction occurring at temperature exceeding 350 �C on Fe-based
catalysts. This reaction is undesired since it competes with the selective SCR
reactions for the reductant ammonia. On the Fe-zeolite catalysts, NH3 is selec-
tively oxidized to N2 by:

R4: 4NH3 þ 3O2 ! 2N2 þ 6H2O DH ¼ �312� 103J=mol NH3

On the other hand, the oxidation of NO to NO2 occurs in the temperature range
of interest (T [ 150 �C):

R5: NOþ 1=2O2  ! NO2 DH ¼ �57� 103J=mol NO

This reaction is desirable because NO2 is more effectively reduced by NH3 than is
NO. The existence of NO2 complicates the reaction system. In particular, the net
formation of ammonium nitrate occurs at lower temperatures (ca. 275 �C) as
described in detail later:

R6: 2NH3 þ 2NO2 ! N2 þ NH4NO3 þ H2O
DH ¼ �291� 103J=mol NH3
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Mechanisms involving ammonium nitrate are described in several papers [3, 4, 8,
19, 27, 46, 47]. Koebel and coworkers [1, 3, 4] showed that the first step in this
chemistry is NO2 dimerization

R7: 2NO2  ! N2O4 DH ¼ �29:6� 103J=mol N2O4

The N2O4 thus formed reacts with water to form nitrous and nitric acids

R8: N2O4 þ H2O ! HONOþ HNO3 DH ¼ þ18:0� 103J=mol N2O4

HONO and NH3 further react to form ammonium nitrite which is unstable above
100 �C, decomposing to N2 and H2O

R9: NH3 þ HONO ! NH4NO2½ � ! N2 þ H2O
DH ¼ �358� 103J=mol NH3

The formation of NH4NO3 can also occur by the reaction between NH3 and HNO3

R10: NH3 þ HNO3  ! NH4NO3 DH ¼ �184� 103J=mol NH4NO3

The reduction of nitrates by NO has been proposed to be a rate-determining step
in the fast SCR chemistry for V-based catalysts [5, 48]:

R11: NH4NO3 þ NO! NO2 þ N2 þ 2H2O DH ¼ �175� 103J=mol NH4NO3

R12: HNO3 þ NO ! NO2 þ HONO DH ¼ �1:5� 103J=mol HNO3

This was later confirmed for Fe-based zeolite catalysts by Grossale et al. [27] and
Iwasaki et al. [26]. The importance of nitrate reduction was independently
revealed by Yeom et al. [49].

Ammonium nitrate decomposes to N2O at higher temperatures (C200 �C):

R13: NH4NO3 ! N2Oþ 2H2O DH ¼ �36:6� 103J=mol NH4NO3

N2O is a greenhouse gas and therefore is an undesired by-product and is
expected to be controlled in the coming years. N2O formation also occurs by the
overall reaction

R14: 4NH3 þ 4NO2 þ O2 ! 4N2Oþ 6H2O DH ¼ �268� 103J=mol NH3

The N2O decomposes to N2 and O2 at higher temperatures:

R15: 2N2O! N2 þ O2 DH ¼ �82� 103J=mol N2O

Finally, Devadas et al. [34] studied the fate of N2O on Fe-ZSM-5. They observed
that ammonia may react with N2O according to

R16: 2NH3 þ 3N2O! 4N2 þ 3H2O DH ¼ �440� 103J=mol N2O
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11.2.1 NO Oxidation and NO2 Decomposition

The NO oxidation reaction has been studied by a number of groups, earlier for
V-based catalysts by Suárez et al. [50] and more recently for Fe- and Cu-based
catalysts. As mentioned above, the formation of NO2, when the feed is devoid of
NO2, has been considered an important overall reaction in the SCR system. Earlier
studies argued that NO oxidation to NO2 is an important if not rate-determining
step for standard SCR [20, 51, 52]. Metkar et al. [42] suggested, consistent with
similar proposals from others for Fe [26] and Cu [53], that the formation of
adsorbed NO2 is the rate-determining step. More recently, Tronconi et al. [54]
proposed that NO oxidation to gaseous NO2 is not the rate-determining step based
on a comparison of its rate to that of standard SCR in the absence and presence of
H2O over Fe- and Cu-based zeolites. Schwidder et al. [21] also argued that the
formation of gas phase NO2 cannot be the rate-determining step for standard SCR
over Fe-zeolites. This debate about the mechanism encourages a detailed evalu-
ation of the reaction and differences in the activities of various SCR catalysts over
a range of conditions. Here we highlight the main features on a commercial
Fe-zeolite and synthesized (at UH) Fe-ZSM-5 monolithic catalyst.

NO oxidation displays a distinct maximum in conversion as a function of
temperature (Fig. 11.1a). The reaction is kinetically limited up to about 300 �C,
beyond which it becomes equilibrium limited due to NO2 decomposition, a trend
that is well-known in the Pt-catalyzed system [55]. The reaction is significantly
inhibited by the large excess of H2O found in exhaust streams. Specifically, when
water is added to the mixture of NO and O2 the rate of NO2 production drops
precipitously. Figure 11.1a shows up to a 90 % drop in the NO conversion over a
range of temperatures. The importance of the reverse reaction is seen in Fig. 11.1b,
which shows the conversion of NO2 by decomposition as a function of tempera-
ture. These data reveal that the decomposition commences at about 300 �C and
becomes more pronounced at higher temperatures, with about 85 % of the NO2

decomposed by a temperature of 550 �C. The decomposition, like the forward
reaction, is significantly inhibited by H2O. Experiments with a feed mixture of NO,
NO2, and O2 show the decomposition commencing at a somewhat higher tem-
perature (350 �C in the data shown in Fig. 11.2a reported by Metkar et al. [56]). A
focused experiment was carried out to examine more closely the effect of the
product NO2 on the NO oxidation conversion through the incremental addition of
NO2 to a NO ? O2 feed mixture. Figure 11.2b shows a decrease in the conversion
with added NO2 at temperatures in which the rate of NO2 decomposition was
negligible. The dependence reveals that the conversion is a decreasing function of
supplemental NO2, showing that NO2 inhibits the NO oxidation. We return to this
point later.

11 Lean NOx Reduction by NH3 on Fe-Exchanged Zeolite 315



11.2.2 NH3 Oxidation

The oxidation of NH3 occurs on Fe-exchanged catalysts and contributes to less
than 100 % conversion of NOx at high temperature due to the consumption of the
reductant. Figure 11.3 compares a commercial Fe-zeolite catalyst with an as-
synthesized Fe-ZSM-5 catalyst (18 wt.% washcoat loading) in the absence of
water in the feed. The two catalysts give nearly identical results. The addition of
2 % H2O in the feed leads to a modest decrease in the NO conversion for the
commercial catalyst. As we show later, this modest Fe activity can be exploited in
dual component SCR catalyst formulations in which the other metal (Cu) is a
much more active ammonia oxidation catalyst.
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11.2.3 Selective Catalytic Reduction of NOx

The selective catalytic reduction of NOx by ammonia on Fe-zeolite catalysts
displays interesting performance trends over a range of temperatures and NO/NO2

feed ratios. Feeds containing various NO2/NOx inlet ratios (0–1) provide insight
into the effect of NO2 which can be appreciable on Fe-exchanged catalysts.

The features of the standard SCR reaction (R1) system (feed devoid of NO2) are
first highlighted. A typical temperature sweep experiment (Fig. 11.4a) shows the
changes in the effluent concentrations as a function of temperature when a dry feed
containing equal concentrations of NO and NH3 (NO = NH3 = 500 ppm) in
excess O2 was passed over an Fe-ZSM-5 catalyst. Negligible NO conversions
(\20 %) were observed up to 250 �C. At a temperature of about 300 �C there is a
nonlinear increase in NO conversion, which approaches 91 % at 450 �C. The NH3
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conversion always exceeds the NO conversion (for T [ 300 �C) because of the
aforementioned NH3 oxidation side reaction. A negligible N2O yield (\10 ppm)
was observed in the temperature range of 250–300 �C. When H2O was added
(2 %) there was only a negligible decrease in the NO conversion (Fig. 11.4b),
unlike the much larger effect of H2O for the oxidations of both NO and NH3 on the
same catalyst. We return to this difference later as it provides clues about the SCR
mechanism.

The addition of NO2 to the feed leads to significant changes in the reactant
conversions and product distribution. Figure 11.5a shows the results obtained
when a NO2/NOx feed ratio of 0.25 (total NOx concentration and NH3 both at
500 ppm) in the presence of 5 % O2 and no H2O is contacted on the FeZSM-5
catalyst. It is interesting to note that the apparent NO2 conversion is essentially
complete for the entire temperature range. A substantial increase in the NOx
conversion is encountered at lower temperatures compared to that of the standard
SCR reaction, and N2 is the only N-containing product under these conditions. The
N-balance is satisfied over the entire temperature range which rules out the for-
mation of any undetected by-products like ammonium nitrate. (We return to this
issue later.). A stoichiometric consumption (1:1) of NOx and NH3 is observed up
to 250 �C; beyond this point the ammonia consumption exceeds the NOx con-
version due to the ammonia oxidation side reaction, although the difference does
not exceed 20 ppm. This parasitic NH3 oxidation has been observed in other
studies and is thought to be a result of an enhancing effect of NOx on the ammonia
oxidation that would otherwise not be encountered. In contrast to the standard SCR
results, these data indicate that the ammonia oxidation side reaction is less det-
rimental to the overall NOx conversion in the presence of NO2. A negligible
production of N2O and complete conversion of NO2 occurred at all temperatures.
The amount of NO consumed is comparable to the amount of NO2 consumed up to
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225 �C. The consumption of equimolar amounts of NO and NO2 suggests that the
fast SCR reaction is the main reaction taking place at these low temperatures and is
therefore much faster than the standard SCR reaction. At temperatures above
250 �C, an additional quantity of NO is consumed due to the increase in the
standard SCR reaction rate. Finally, although not shown here, when water was
added to the feed (2 %), it was found to have only a negligible effect on NOx
conversions at most of the temperatures.

When the feed contains equal amounts of NO and NO2, this corresponds to the
stoichiometry of the fast SCR reaction (R2). Typical results obtained for Fe-ZSM-
5 catalyst are shown in Fig. 11.5b using a feed devoid of H2O. The chemistry
proceeds much faster than the standard SCR reaction. Very high NOx conversion
is obtained at temperatures as low as 180 �C; e.g., a NOx conversion of 74 % was
obtained at 180 �C. N2 is the main product of this reaction with a negligible
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amount of N2O (\20 ppm) obtained in the 250–300 �C range. Ammonia is con-
sumed in nearly equimolar amounts as that of NOx. This suggests that the oxi-
dation of ammonia by O2 is not as important as it is for standard SCR. Similar
trends for the fast SCR reaction were reported in the literature on Fe-zeolite and
other catalysts [1, 3, 5, 6, 14, 25, 34, 36]. There are two notable trends. First, the
amount of NO2 consumed exceeds the amount of NO consumed up to about
300 �C. Since the stoichiometry of the fast SCR reaction (R2) involves an equi-
molar consumption of NO and NO2, this means that NO2 is consumed by another
reaction. Second, there is a lack of closure of the overall N-balance; i.e., not all of
the N atoms fed are accounted for in the product. These trends are related. The
likely culprit is the ammonium nitrate (AN) formation by reaction (R6). AN
deposits as a solid onto the surface and cannot be detected in the gas phase by
FTIR but can be detected by the FTIR postmortem [5], obviously not as
straightforward as in situ gas phase FTIR [3, 5, 6, 27, 34, 36]. For the NO/
NOx = 0.5 feed there was ca. 64 and 42 ppm of N missing at the temperatures of
180 and 200 �C, respectively. This implies the formation of 32 and 21 ppm
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NH4NO3, respectively. The N-balance approached closure with increasing tem-
perature such that by 250 �C there was no net ammonium nitrate formation.
Finally, the effect of H2O was examined for this fast SCR reaction system. Similar
to the standard SCR reaction, water was found to have a negligible effect.

At still higher NO2 feed fractions (NO/NOx = 0.25), the NOx reduction
activity of Fe/ZSM-5 remains high but shows signs of declining from its peak level
(Fig. 11.5c). About 55 % of the NO2 is converted in the temperature range of
180–200 �C. By 250 �C, the NO2 conversion increases sharply to [98 %. How-
ever, above 350 �C the NO2 conversion decreases; by 500 �C the NOx conversion
is 93 % and the effluent NO concentration increases to 20 ppm. As before, at
higher temperatures the NH3 consumption exceeds the NOx consumption due to
NH3 oxidation (reaction R4). An added feature is the more pronounced production
of N2O at lower temperatures. As in the fast SCR case, the N-balance did not close
at lower temperatures (\250 �C), which as described earlier infers the formation
of ammonium nitrate. The imbalance of N accounted for an estimated 56 ppm of
NH4NO3 formed at 180 �C. By 250 �C, the inferred concentration decreased to
9 ppm. At higher temperatures the N-balance closed, suggesting the complete
decomposition of ammonium nitrate. The maximum N2O concentration occurred
at 275 �C for this NO2/NOx = 0.75 feed. The decrease in N2O at higher tem-
peratures is attributed to either its decomposition to N2 (R15), to its reaction with
NH3 (R16), or to an increase in the rate of NO2 SCR (R3). Most likely, a com-
bination of these factors contributes to these trends. By 450–500 �C, N2 was the
only N-containing product.

A pure NO2 feed (NO2/NOx = 1) is a special case in which the standard and
fast SCR chemistries are essentially turned off, at least at temperatures below the
decomposition of NO2 (\400 �C). The so-called ‘‘NO2 SCR’’ reaction (R3) is
dominant under these conditions. This reaction to desired product N2 has NH3:NO2

ratio of 1.33, unlike the NH3:NOx = 1 ratio for the standard and fast SCR reac-
tions. The by-products N2O and NH4NO3 are more prevalent compared to their
yields at lower NO2:NH3 ratios. The integral product distribution data for a dry
NO2 ? NH3 feed is shown in Fig. 11.5d. About 60 % NO2 conversion is achieved
at temperatures as low as 180–200 �C. The N-balance did not close under these
conditions (ca. 230 ppm was missing in the N-balance at 180 �C), once again
indicating the formation of undetected ammonium nitrate. The N-balance inferred
that about 115 and 83 ppm of NH4NO3 was formed at 180 and 200 �C, respec-
tively. The yields of N2 and NH4NO3 suggest that reaction R6 is the main global
reaction occurring under these conditions. A significant amount of N2O was
detected in the temperature range of 225–450 �C. There was a sudden increase in
the N2O concentration from 200 to 250 �C. The maximum amount of N2O (ca.
250 ppm) occurred at 275 �C. The fate of N2O at higher temperatures is discussed
in more detail later.

The data reveal a significant decrease in the NO2 concentration between 200 and
250 �C at which point nearly 97 % conversion is achieved. This trend is attributed
to an enhanced NO2 SCR reaction rate. Indeed, the presence of effluent NO clearly
indicates the decomposition of NO2 (reaction R5) while incompletely converted
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NO2 suggests depletion of NH3. Very high NO2 conversions (*95 %) are obtained
in the temperature range of 250–350 �C but the NO2 conversion dropped below
90 % at higher temperatures (T [ 400 �C). Again, this is attributed to the NO2

decomposition. At still higher temperatures ([350 �C), NH3 is consumed in
somewhat larger amounts compared to NO2, the signature of ammonia oxidation.
Essentially, O2 competes with NO2 as an oxidant of NH3. In contrast, under the fast
SCR conditions (equimolar feed NO and NO2) complete conversion of NOx is
obtained at temperatures of 350 �C and higher. The difference in NO2 and NH3

consumption also points to the 4:3 NH3:NO2 stoichiometry of reaction R3.
The NO2 SCR reaction system was also carried out in the presence of 2 % H2O

on the Fe-ZSM-5 catalyst. The product distribution (Fig. 11.6) indicates some
inhibition of the NO2 SCR reaction by water. The inhibition is more pronounced in
the temperature range of 200–300 �C. A possible reason for this result is that water
blocks active sites required for NO2 SCR. It is also noted that the amount of N2O,
probably generated by the decomposition of NH4NO3, decreases in the presence of
water. This may suggest that NH4NO3 decomposes to NH3 and HNO3 (reverse
reaction or R10 instead of (R13)) in the presence of H2O [34].

The experiments with feeds containing NO2 lead to the generation of N2O as an
important by-product, especially when the feed contains more NO2 than NO. A
negligible amount (\20 ppm) of N2O is obtained up to NO2/NOx = 0.5; i.e.,
standard and fast SCR. For higher NO2/NOx feed ratios ([0.5), the N2O yield is
prominent for a narrow range of temperatures, as shown in Figs. 11.5d and 11.6
for the NO2-only feed without and with H2O, respectively. The increase in N2O
with temperature parallels a decrease in the unaccounted-for N, suggesting that
N2O is formed via NH4NO3 decomposition (reaction R3). The formation of N2O is
balanced by its consumption, leading to a maximum in the N2O yield. For
example, for NO2/NOx feed ratios exceeding 0.75, a maximum N2O is obtained at
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about 275 �C. The sharp decrease in N2O yield with temperature is attributed to
two factors:

• The rates of the N2 selective reactions, i.e., NO2 SCR, fast SCR, and standard
SCR, increase with temperature, and as a result the side reactions responsible for
N2O production decrease.

• The N2O itself decomposes to N2 by reaction R15 and hence its effluent con-
centration decreases at higher temperatures.

The second reason appears more likely. Devadas et al. [34] observed that N2O
decomposes to N2 and O2 starting at 350 �C. Our results show that there was no
N2O in the outlet at temperatures above 450 �C. Another possibility for N2O
consumption is reaction with NH3 (reaction R16). Devadas et al. found that the
presence of NH3 increased the rate of N2O decomposition. More recently,
Colombo et al. [57] reported on data and kinetic modeling for N2O decomposition
and N2O reduction by NH3 on Fe-zeolites. In our experiments, we obtained very
high NOx conversions ([90 %) for dry feeds and temperatures [250 �C. NH3

consumption was nearly 100 % for these temperatures and hence it was difficult to
determine how much NH3 was involved in the reduction of N2O (R16) and how
much NH3 was oxidized to N2 (reaction R4). Similar trends for N2O production on
Fe-zeolite and other catalysts were reported in the literature [2, 25, 34, 36].

It is clear that the NO2/NOx ratio is a critical parameter affecting SCR catalyst
performance. The ratio has important effects on both the overall NOx conversion
and the product distribution. The effects of NO2/NOx ratio and temperature on the
overall NOx conversion and N2 yield (concentration) are shown in Fig. 11.7a and
b respectively, for a wet feed (2 % H2O). The conversion data (Fig. 11.7a) show a
significant enhancement effect of NO2 on the deNOx efficiency of the Fe-ZSM-5
catalyst at lower temperatures. At low temperature (180 �C), negligible NOx
reduction (\15 %) occurs for the standard SCR reaction. Introduction of 125 ppm
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NO2 increased this value to 50 % while for an equimolar feed the conversion
increased to 74 %. This enhancement is attributed to the fast SCR chemistry for
which NO2 is the limiting reactant. As we discuss below, the standard SCR
reaction may require the formation of NO2 to produce N2. Thus, feeding NO2

removes this limitation. However, a further increase in NO2 (NO2/NO [ 1) leads
to a decrease in the NOx conversion to about 55 % for the pure NO2 feed. Similar
trends were observed for 200 �C. As mentioned earlier, water has a negligible
effect on NOx reduction up to the NO2/NOx feed ratio of 0.5. But for NO2/NOx
feed ratios exceeding 0.5, some inhibition on the NOx reduction was observed in
the temperature range of 200–300 �C. The optimum NO2/NOx ratio for maximum
NOx conversion is 0.5 (fast SCR reaction) for the wet feeds, in line with previous
literature studies [34, 36].

Along with deNOx efficiency, it is important to achieve a maximum yield and/or
selectivity of desired product N2. The effluent N2 concentrations indicate that the
equimolar feed (NO2/NOx = 0.5) is optimal in terms of N2 selectivity over the
entire temperature range for both the dry and wet feeds (e.g. Figs. 11.5, 11.7b).
Unlike the NOx conversion, the N2 production is a monotonic function of tem-
perature for a fixed NO2/NOx ratio. This feature suggests the by-product pathways
emerge for nonequimolar feeds. Taken together, Fig. 11.7a (NOx conversion) and b
(N2 yield) show that the equimolar NO/NO2 feed achieves both a high conversion
and N2 selectivity. As NO2/NOx is decreased below 0.5, the conversion decreases
because less NO2 is available to react with NH3 and NO via the fast chemistry. As a
result, the slower standard SCR chemistry takes over and the conversion declines.
For NO2/NOx [ 0.5, the emergence of both ammonium nitrate and NO2 decom-
position impact the overall NOx conversion. For temperatures less than 250 �C, the
ammonium nitrate is not completely decomposed and inhibits the NOx reduction.
For higher temperatures ([350 �C) some NO2 decomposition occurs along with 3:4
NO2:NH3 stoichiometry of NO2 SCR, leading to a reduction in the NOx conversion.
Ammonia oxidation also emerges at these temperatures. Thus, for temperatures of
350 �C and higher, the highest deNOx conversion was observed for the feed ratio of
NO2/NOx of 0.5; i.e., fast SCR reaction. The fast and standard SCR reactions are
clearly beneficial for N2 formation whereas the pathways to and through ammo-
nium nitrate leads to non-negligible amounts of N2O. Considering all these factors,
a NO2/NOx ratio of 0.5 proves to be the ideal ratio that achieves maximum NOx
removal efficiency and highest product selectivity toward N2. Similar steady-state
results were reported in the literature [12, 34, 36, 58].

11.3 Kinetics and Mechanistic Considerations

The catalytic reaction system containing NO, NO2, NH3, O2, and H2O on
Fe-exchanged zeolites is quite complex as it involves multiple reaction pathways
to several products (N2, N2O, NH4NO3), on catalysts with multiple adsorption
sites (Bronsted acid sites, metal-exchanged sites), complicated by rate inhibition
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(by NH3 and NH4NO3) and solid deposits (NH4NO3) at low temperature, and
diffusion limitations (intracrystalline, washcoat) at higher temperatures. In this
section we present some of the key kinetics findings, and highlight the current
understanding about mechanistic-based kinetics. We will first consider the stan-
dard SCR reaction and then proceed to systems containing NO2 in the feed.

11.3.1 NO Oxidation

Several studies have argued that the oxidation of NO to NO2, either as a product
species in the gas phase or an intermediate adsorbed on the surface, are plausible
rate-determining steps for the standard SCR reaction on Fe-exchanged zeolites. If
this is the case, then an important first step toward developing a mechanistic-based
kinetic model for standard SCR is to establish one for NO oxidation. Metkar et al.
[59]. measured the activation energy and reaction orders for NO oxidation on
Fe-ZSM-5 (Fig. 11.8). The rate data, which were obtained under differential
conditions (fractional conversion, XNO \ 0.15) at three different temperatures and
in the absence of H2O, revealed apparent reaction orders of 1, 0.5, and -0.3 with
respect to NO, O2, and NO2, respectively. The inhibition by NO2 of the forward
NO oxidation is not a result of the reversible NO2 decomposition because that
reaction was shown to be negligible at these temperatures. The activation energy
was determined to be 39 kJ/mole for the kinetics measurements below 300 �C.
The investigators ruled out the existence of washcoat or external transport limi-
tations in this temperature range. In another study, Metkar et al. [42]. showed that
the rate of NO oxidation in the absence of H2O is very close to that of the standard
SCR reaction. Figure 11.9 shows the near overlap of the differential rates of NO
oxidation and standard SCR at 290–300 �C. The divergence of the two rates at
lower temperature is explained by NH3 inhibition of the SCR reaction, as we
elaborate on later. The same study reported that apparent activation energies for
the two reactions are quite similar; 39 kJ/mole for NO oxidation and 42 kJ/mole
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Fig. 11.8 Dependence of differential rate on NO, O2, and NO2 during NO oxidation on Fe-ZSM-
5. (Adapted from Metkar et al. [56] and used with permission.)
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for standard SCR. The investigators concluded that the experimental evidence was
sufficiently compelling that at the very least the formation of surface-bound NO2

or related species is the rate-limiting step for standard SCR reaction chemistry.
To this end, it is instructive to compare and contrast two models that have been

communicated recently for NO oxidation. The first model is one developed by
Harold, Balakotaiah and coworkers and is based on a Langmuir–Hinshelwood
framework; it is referred to as the ‘‘LH’’ model. The second model, developed by
Tronconi, Nova and coworkers, is based on a redox framework and is referred to as
the ‘‘Redox’’ model.

The LH Model comprises the following steps for NO oxidation on Fe-ZSM-5:

S1: O2 þ S1  ! O2 � S1

S2: O2 � S1 þ S1  ! 2O� S1

S3: NOþ O� S1  ! NO2 � S1

S4: NO2 þ S1  ! NO2 � S1

S5: 2NO2 � S1  ! NO3 � S1 þ NOþ S1

S6: NO2 � S1 þ O� S1  ! NO3 � S1 þ S1

S50: 3NO2 � S1 þ O� S1  ! 2NO3 � S1 þ NOþ 2 S1 sum of S5 and S6ð Þ

where S1 denotes an Fe exchange site on the zeolite (Fe-), and therefore O–S1,
NO2–S1, and NO3–S1 denote an oxygen adatom, adsorbed NO2 (or nitrite pre-
cursor), and nitrate, respectively. The existence of these species is supported by IR
measurements and other data, although the situation is potentially more compli-
cated than the listed steps. For example, in an earlier study on protonated pentasil
zeolites, Eng and Bartholomew [60] showed in situ IR data confirming the pres-
ence of a NO2-type intermediate on the surface. Rivallan et al. [61] provided
‘‘indirect and convincing evidence’’ for the presence of adsorbed oxygen. Fedeyko
et al. [62] provided IR spectroscopic evidence for nitrite/nitrate and nitro groups
on Fe-exchanged zeolites and showed that the nitro group is the more reactive of
the two. Iwasaki and Shinjoh [63] described a mechanism for nitrate formation that
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involves a bi-nuclear site in which NO2 couples with O positioned between
adjacent Fe atoms. Their model considers NO2 an important surface species.
Sachtler et al. [64] proposed that the dimer species N2O4, produced via reaction
R7, disproportionates on the catalyst surface, yielding NO+ and NO3

-. A variant
on this mechanism is the production of N2O3 through the equilibrium reaction of
NO and NO2 [65]. Subsequently, N2O3 disproportionates into NO+ and NO2

-,
both of which are thought to be reactive NOx surface species upon the addition of
NH3. Given these observations, additional steps and surface species may be
warranted in the above six-step LH model.

Now, assuming the reaction between gas phase NO and adsorbed oxygen
forming surface-bound NO2 (S3) is the rate-determining step and all other steps
are at equilibrium (including step S50, the sum of S5 and S6), the following rate
expression is derived:

RNOoxi
¼ kf 3

ffiffiffiffiffiffiffiffiffiffiffi
K1K2
p

XNO;s

ffiffiffiffiffiffiffiffiffiffi
XO2;s

p
� XNO2;s

Keq

� �
hv ð11:1Þ

which, upon solving for hv, gives the following rate expression:

RNOoxi
¼

kf 3
ffiffiffiffiffiffiffiffiffiffiffi
K1K2
p

XNO;s
ffiffiffiffiffiffiffiffiffiffi
XO2;s

p
� XNO2 ;s

Keq

� �

1þ K1XO2;s þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1K2XO2;s

p
þ K4XNO2;s þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K5K3

4 X3
NO2 ;s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1K2XO2 ;s

p
XNO;s

r ð11:2Þ

This complex expression predicts the correct reaction orders and trends in NO
oxidation data over a wide range of conditions, such as inhibition by adsorbed
NO2. It is interesting to note that the tuned model predicts that the coverage of the
nitrates (NO3–S1) is only important at lower temperature and that the four-step
model is adequate for predicting steady-state kinetics. Indeed, Yeom et al. [49]
argued that nitrites are more reactive than nitrates during SCR to the extent that
ammonium nitrate effectively ‘‘traps’’ a NOx molecule as a less reactive species.
These points lead to the following simplified rate expression, stressing again that
this result is valid when H2O is absent:

RNOoxi
¼ kf 3

ffiffiffiffiffiffiffiffiffiffiffi
K1K2
p

1þ K1XO2;s þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1K2XO2;s

p
þ K4XNO2;s

XNO;s

ffiffiffiffiffiffiffiffiffiffi
XO2;s

p
� XNO2;s

Keq

� �
ð11:3Þ

The situation is more realistic but more complex in the presence of H2O.
Ahrens et al. [66]. pointed out that the formation of nitrates is suppressed through
the generation of nitric and nitrous acids. They reported that gas phase NO2 is
effectively removed due to the presence of the acids on the surface at near-ambient
conditions. They and others have referred to the well-known chemistry when NO2

is contacted with H2O and leads to a mixture of nitrous and nitric acids, which
occurs in the upper atmosphere [66, 67]. Some of the more important steps are as
follows:
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S7: H2Oþ S1  ! H2O� S1

S8: 2NO2 � S1 þ H2O� S1  ! HONO� S1 þ HNO3 � S1 þ S1

S9: HNO3 � S1 þ NOþ S1  ! HONO� S1 þ NO2 � S1

S10: NOþ NO2 � S1 þ H2O� S1  ! HONO� S1 þ NO2 � S1

Note that these steps have been written as surface-catalyzed reactions; Ahrens
et al. [66] pointed out these steps may also occur in the gas phase. Ross and
DeVore [68] showed that HNO3 desorbs from boehmite at temperatures up to ca.
180 �C. In essence, the additional steps involving water direct the pathways
toward a mixture of acids and away from surface nitrites/nitrates. Keeping with the
same RDS assumption (step S3), the following rate expression is obtained for hv:

hv ¼
1

1þ K1XO2;s þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1K2XO2;s

p
þ K4XNO2;s þ K7XH2O;s þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K4K10K7XNO2;sXNO;sXH2O;s

p
þ K2

4 K7K8XNO2 ;s

ffiffiffiffiffiffiffiffiffi
XH2O;s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K4K7K10XNO2 ;sXNO;s

p

ð11:4Þ

Upon the substitution of Eq. (11.4) into (11.1), the resulting rate expression shows
the contributions of three new species, H2O(ad), HONO(ad), and HNO3(ad), in the
denominator. A simplification of the rate expression is possible if it is assumed that
the reduction of nitric acid by NO (S9) is fast; this gives:

S90: NO2 � S1 þ NOþ H2O� S1  ! 2HONO� S1

This combined step shows that adsorbed NO2, a surface nitrite precursor, reacts to
give nitrous acid, a key reactive surface species. As we will show later, nitrous
acid is an important surface species linking the NO oxidation to standard SCR.
Finally, the above rate expression can be further simplified if O–S1, NO2–S1, and
H2O–S1 are considered the dominant adsorbed species:

hv ¼
1

1 þ ffiffiffiffiffiffiffiffiffiffiffiffiffi
K2PO2

p þ K3PNO2 þ KwPH2O

ð11:5Þ

The resulting rate expression predicts the correct trends for NO oxidation in the
presence of water such as reaction orders, inhibition, etc.

Recent work by Tronconi and coworkers [54] advocates the Redox model for
Fe-based zeolites during NO oxidation in the presence of H2O. This model builds
on mechanism proposals by Kefirov et al. [69], Panov et al. [70], Sun et al. [71],
Delahay et al. [41], and Daturi et al. [66]. The mechanistic sequence involves the
following steps:

S11: NOþ Fe3þ � OH ! Fe2þ þ HONO

S12: HONOþ Fe3þ � OH ! Fe3þ � ONOþ H2O

S13: Fe3þ � ONO ! Fe2þ þ NO2

S14: 2Fe2þ þ 1=2O2 þ H2O ! 2Fe3þ � OH

S15: Fe3þ � ONOþ NO2  ! Fe3þ � NO3 þ NO
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The sum of S11–S14 yields the overall NO oxidation reaction (R5). The pro-
posed mechanism involves the oxidation of NO by ferric hydroxide (Fe3+–OH),
producing HONO. The production of the Fe nitrite surface species (Fe3+–ONO)
subsequently occurs by the reaction of nitrous acid with additional Fe3+–OH. The
latter species has been shown to be thermally stable under UHV conditions at
temperatures up to ca. 400 �C [70]. Decomposition of the nitrite results in
reduction to Fe2+ and yields NO2. Reoxidation of Fe2+ occurs with molecular
oxygen in S14. The proposed mechanism considers that the decomposition step
S13 is the rate-determining step, so steps S11, S12, and S14 are equilibrated and
the concentration of nitrous acid and other species is determined by the equilib-
rium of steps S11 and S12. In essence, the Redox model requires the formation of
nitrite for NO2 to be generated.

The Redox model helps to explain the inhibiting effect of H2O during NO
oxidation. Specifically, an increase in the H2O concentration decreases the net
formation of nitrites and nitrates because of an unfavorable equilibrium of step S12.
This supports the observation by Tronconi et al. of negligible DRIFTS evidence for
nitrite and nitrate species on Fe-zeolites during NO oxidation in the presence of
H2O [54]. Kamasamudram et al. [11]. compared the low temperature (200 �C) NOx
storage during NO oxidation under dry and wet conditions. Appreciable NO2

evolved from the dry catalyst while the amount evolved from the wet catalyst was
negligible. These observations may suggest that the water inhibits the formation of
Fe nitrites and nitrates, consistent with the Redox mechanism. The Redox model
predicts NO2 inhibition through the generation of nitrates via reaction step S15.
Moreover, the reversible nature of the RDS means that the net rate of NO oxidation
is lessened at higher NO2 concentrations. In addition, NO oxidation is inhibited by
NO2 which suggests that NOx storage is not necessary for site blockage.

A rate expression can be derived if one assumes that HONO, H2O, and NO2 as
gas phase species, if step S13 is assumed the RDS, and the rest of the steps are
therefore at equilibrium. A rate expression comprising steps S11–S15 gives

Roxi ¼
k12 Cs ½K10K11K13pNOp1=2

O2
� pNO2

K12
�

1þ K13 pH2Op1=2
O2

� �1=2
þK10K11K13p1=2

O2
ðpNO þ K14pNO2Þ

ð11:6Þ

where Cs is the total site concentration. The expression predicts that the rate
dependence on NO is between 0 and 1, on O2 is between 0 and 0.5, and on NO2 is
between 0 and -1. The expression also predicts inhibition by water.

Several discriminating ‘‘Effects’’ should be considered in assessing the viability
of the two competing mechanistic models. These effects include

(I) inhibition of the overall rate of oxidation by water;
(II) removal of Fe nitrites/nitrates by water; and
(III) inhibiting effect of the product NO2 on the overall rate.

Both models capture Effect (I), the Redox model appears more consistent with
Effect (II), while both models predict the NO2 inhibition Effect (III), albeit in
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different ways. Some elaboration on these points is instructive. Both models
capture the inhibiting effect of water but the Redox model does so via reaction
equilibrium-limited nitrite and NO2 generation; i.e., nitrite formation is required
for NO2 production. In contrast, the LH model predicts the inhibition through the
competitive adsorption of water and of acids generated from the reaction between
water and NO2. Regarding Effect (III), the Redox model considers that NO2

inhibition is a result of the reversibility of the nitrite decomposition and the
generation of surface nitrates. These differences in the models bring to the fore-
front the question as to whether NO2, HONO, HNO3, and even H2O are, in fact,
surface species. That is, disproportionation of NO2 by water given by S8 is a well-
known acid-catalyzed reaction [72]. Whether the acid products HONO and HNO3

reside on the surface as physisorbed or chemisorbed species is an open question.
That said, as described earlier, there is experimental evidence for the existence of
adsorbed NO2 or related species. Such species would be likely to inhibit the
oxidation. A variant on the LH model may lead to HONO formation through
reaction between NO and surface hydroxyl groups, as in step S11 in the Redox
model. Sachtler et al. [49] suggested the formation of a NO+ active species through
the disproportionation of N2O3:

S16: N2O3  ! NOþ � S1 þ NO�3 � S1

N2O3 is present in an equilibrium mixture of NO, O2, and NO2 [65]. However, this
pathway requires formation of gas phase NO2 to account for the existence of N2O3.
Once formed, the NO+ and surface hydroxyl may react to give surface nitrite, the
precursor of nitrous acid

S17: NOþ � S1 þ S1 � O�  ! ONO� S1 þ S1

On the other hand, the direct reaction of gas phase NO with S1–OH, i.e.,

S18: NOþ S1 � OH ! HONO� S1

has the appeal of not requiring the formation of NO2, as would the N2O3

decomposition route (S16 and S17) require. Such an Eley-Rideal type step is
consistent with the fact that NO negligibly adsorbs. The Redox model as well does
not require NO adsorption (S11 and S12).

Final mention should be made of a third mechanism that may be operative that
borrows from a known process during Pt-catalyzed NO oxidation: NO2 generated
during NO oxidation leads to the formation of an inactive metal oxide unaffected
by water but removed through reaction with NH3 [55, 73]. During exposure of
NO2, Pt slowly loses its activity over the course of several hours. The activity can
be restored upon exposure to a reductant. Were a process similar to this to occur on
Fe, then the inhibition could be explained. But Pt is less prone to oxidation while
Fe readily forms oxides that are easily reduced for sufficiently high Fe loadings.
Clearly, additional work is needed to shed light on the working mechanism that is
consistent with steady-state and transient kinetics details and in situ surface species
measurements.
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11.3.2 Standard SCR Reaction

The addition of NH3 to the NO ? O2 ? H2O mixture comprises the standard SCR
reaction (reaction R1). In this section we discuss possible mechanisms and asso-
ciated kinetics of this reaction, building on the LH and Redox models for NO
oxidation. The activation energy and reaction orders were reported by Metkar et al.
[42] for the same catalyst that was studied for NO oxidation. Figure 11.10 shows
data indicating orders of 1, 0.5, and -0.3 for NO, O2, and NH3, respectively. The
corresponding activation energy was determined to be 42 kJ/mole. These data were
collected under conditions in which the conversion was less than 15 % and the mass
transport limitations were not important. Similar reaction order values were
reported by Brandenberger et al. [74] in their detailed kinetics study. Devadas et al.
[34] also reported a similar activation energy of 39 kJ/mole. The 39–42 kJ/mole
activation energy values compare favorably with the value of 36 kJ/mole reported
by Brandenberger et al. [74] who suggested that monomeric Fe species are
responsible for a large fraction of the standard SCR at temperatures below 300 �C.
They showed that at higher temperatures the reaction occurs on Fe dimers and
clusters having a much higher activation energy of 77 kJ/mole. These findings are
consistent with the earlier study of Schwidder et al. [21] who proposed that standard
(and fast) SCR reactions occur on isolated and oligomeric Fe sites.

A viable rate model derived from a mechanism should be able to predict these
measured kinetic parameter values. Unlike NO oxidation, the standard SCR on
Fe-exchanged zeolites is not appreciably inhibited by water. Metkar et al. [42]
proposed that the inhibition of the NO oxidation is mitigated by the reactive
removal of the responsible inhibiting species. This mechanistic picture is sup-
ported by earlier work on Fe-zeolites. A fundamental study was carried out by Sun
et al. [22] for SCR on Fe/MFI catalyst using isotopically labeled nitric oxide,
15NO. Their data showed that the preferred route to molecular nitrogen involve N
atoms from NH3 and 15NO, giving the mixed product (15NN). On the other hand,
undesired oxidation of NH3 led to the unlabeled product (N2). From these data,
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Fig. 11.10 Dependence of differential rate on NO, O2, and NO2 during standard SCR on Fe-
ZSM-5. (Adapted from Metkar et al. [42] and used with permission.)
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Sachtler and coworkers suggested that NH3 ‘‘…intercepts this oxidation state of
N3+ and reduces it to N2.’’ They argued that an adsorbed intermediate species with
oxidation state less than that of NO2 (N4+) or NO3

- (N5+) reacted with adsorbed
NH3, forming NH4NO2, which then rapidly decomposed to N2. This may indeed
suggest that the above-mentioned step S16, involving N2O3 disproportionation to
NO+ and NO2

-, may supply these species, which then react selectively with NH3.
The resulting LH type model builds on this concept by considering that

adsorbed NH3 reacts with surface NOx species. It is noted that NH3 adsorption on
Fe-zeolite systems is not inhibited by the co-adsorption of water. A simple
interpretation of this key observation is that the adsorption of NH3 and H2O occur
on different sites. NH3 adsorption on protonated zeolites is known to occur on the
Bronsted acid sites, and that has led Tronconi, Nova, and coworkers among others
to propose for vanadia-based catalysts the exchange of NH3 between two types of
sites. Applying this concept for Fe-zeolite catalysts gives:

S19: NH3 þ S2  ! NH3 � S2

S20: NH3 � S2 þ S1  ! NH3 � S1 þ S2

The selective reduction of NO then proceeds though reaction between the adsorbed
NH3 and HONO:

S21: NH3 � S1 þ HONO� S1  ! NH4NO2 � S1 þ S1

NH4NO2 is known to be unstable above 100 �C [75]:

S22: NH4NO2 � S1 þ S1  ! N2 þ 2H2O� S1

As mentioned above, Sun et al. [22] showed that formation and decomposition
of ammonium nitrite is a major route to N2 with one of the N adatoms originating
from NH3 and the other from NO. Thus, the formation (S21) and rapid decom-
position (S22) of ammonium nitrite serves to drive the reversible steps S8–S10 to
the right, removing the HONO and related surface species responsible for inhi-
bition of NO oxidation in the presence of H2O. This may helps to explain why the
NO oxidation rate in the presence of water (and absence of NH3) is considerably
slower than the standard SCR rate. Only when the reductant NH3 is added, is the
inhibiting surface species removed, which effectively increases the rate of NO
oxidation to surface-bound NO2.

A kinetic rate model based on the LH mechanism leads to the following result:

RSCR ¼ k
0

1PNO

ffiffiffiffiffiffiffiffiffiffiffiffiffi
K2PO2

p
h
0

v ð11:7Þ

where we have simplified the expression for hv based on the assumption that the
rapid removal of HONO and NO2 surface through reaction with NH3; i.e.,

h
0

v¼
1

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
K2PO2

p
þ K4K5PNH3

ð11:8Þ
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The resulting expression has an inhibition term (denominator) that contains only
terms associated with O2 and NH3. The functional form of the expression predicts
the main trends in the kinetic data for the standard SCR reaction system, such as
first order w/r NO, half-order w/r O2 (when neglecting the term containing Po2 in
the denominator), and negative order w/r NH3. One cautionary point to note is that
in assuming the rate is limited by the production of surface-bound NO2 (or HONO)
with subsequent rapid reaction with adsorbed NH3, the rate is zero order w/r NH3

in the limit of PNH3 ? 0. In this limit step S21 would become rate limiting and the
rate would revert to a positive order dependence w/r NH3.

The corresponding standard SCR model based on the Redox mechanism for NO
oxidation is similar in the sense that adsorbed NH3 reacts with an intermediate
such as HONO

S23: HONOþ ZO�NHþ4 þ S1 ! ZO�Hþ þ N2 þ 2H2O

where ZO–NH4
+ is NH3 adsorbed on a Bronsted acid site. Step S23 is similar to

the combination of S21 and S22 of the LH model. One difference is that reoxi-
dation of the iron via step S14 is the proposed rate-determining step of the Redox
model for standard SCR, as opposed to the formation of NO2 in the LH model.
Thus, the proposal of Ruggeri et al. [54]. is that NH3 ‘‘intercepts’’ the HONO
intermediate. In fact, this proposal borrows from the study of Sun et al. [22]. who,
as discussed earlier, suggested a mechanistic picture in which an adsorbed NH3

reacts with an surface NOx species whose oxidation state is less than that of NO2.
In the absence of NH3, Ruggeri et al. [54]. suggest that HONO reacts via step S12,
forming Fe nitrite, which decomposes to NO2.

11.3.3 Ammonia Inhibition

A complicating yet interesting feature of SCR on Fe-based catalysts is inhibition
by NH3. The rate described by Eq. (11.8) is based on the assumption that NH3

adsorbs onto acid sites and then exchanges with metal sites. Differential kinetics
data presented earlier (Fig. 11.10) together with other data from the literature show
that the rate declines with increasing concentration of NH3 [42, 62, 74]. Metkar
et al. [42] carried out an experiment in which NH3 was gradually added to a feed
containing NO and O2 without and with water (Fig. 11.11). The addition of NH3

led to a decrease in the generated NO2 in both experiments. A simple interpretation
of the decreasing NO2 trend is that NH3 reacts with NO and O2 via the standard
SCR reaction. This removes an equivalent amount of NO—because of the 1:1
stoichiometry of standard SCR—that would otherwise be oxidized to NO2. Since
the decrease in NO2 is disproportionately larger, this indicates that the added NH3

inhibits the surface oxidation of NO to NO2, considered the rate-determining step
for standard SCR in the LH model. It would therefore appear necessary to account
for site blocking in the standard SCR kinetic model.
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The standard SCR LH model predicts the inhibition by NH3 as mentioned
earlier in relation to Eq. (11.8). The standard SCR Redox model can also predict
NH3 inhibition through the addition of another step that accounts for NH3

adsorption on Fe sites. This follows from recent work from the Milano group in
which ammonia adsorption can result in hysteresis associated with NH3 feed
transients, among other features.

11.3.4 Selective Catalytic Reaction with NO and NO2

The chemistry changes dramatically when NO2 is present in the feed. As presented
earlier (cf. Figs. 11.5, 11.7), when NO2/NO \ 1 a large enhancement is the NOx
conversion is observed with increasing NO2. On the other hand, NOx reduction
inhibition is encountered as NO2 increases for NO2/NO [ 1. The species
responsible for the inhibition may be NH3 and/or NH4NO3. As will be shown, the
results are much more complex because of the existence of multiple reaction
pathways.

We have presented earlier differential kinetics data for the NO oxidation and
standard SCR reactions. Here we report on a similar set of experiments involving a
feed with different amounts of NO, NO2, and NH3. Metkar et al. [42] showed for
standard SCR that a space velocity of 285,000 h-1 was needed to keep the NO
conversion below 15 % in the temperature range of 200–300 �C. In contrast, when
the SCR reaction was carried out with an equimolar NO/NO2 feed, a space
velocity of 2 9 106 h-1 was needed to ensure differential conversion for tem-
peratures below 245 �C. This high space velocity was achieved by reducing the
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size of the catalyst to 4 channels and 5 mm length with the total flow rate
maintained at 1,000 sccm. Since the temperature was below 300 �C, the decom-
position of NO2 was negligible. The effluent NO and NO2 concentrations were
used to calculate an average rate normalized by the washcoat volume using 50 lm
as the estimated thickness. We refer to the overall NOx consumption rate as RNOx,
the NO2 rate as RNO2

, and the NO rate as RNO. The results from three experiments
shown in Fig. 11.12a–d, respectively, report these rates as a function of NO, NO2,
and NH3 over the 185–245 �C temperature range. Higher temperatures were not
considered because differential conversion could not be achieved.
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It should be mentioned that washcoat diffusion limitations become more
important for the fast SCR reaction. As discussed in more detail later, diffusional
limitations emerge at a rather low temperature for fast SCR; ca. 225 �C for an Fe-
ZSM5 catalyst having a ca. 24 % mass loading (Metkar et al. [76] ). For this reason,
diffusional limitations cannot be ruled out for the 245 �C differential rate data.

The data reported in Fig. 11.12a show the dependence on NH3 concentration
with the NO and NO2 concentrations each fixed at 250 ppm, O2 fixed at 5 %, and
no H2O in the feed. The total NOx reduction rate for three temperatures and the
individual NO and NO2 consumption rates are shown for the bounding tempera-
tures. The figure reports the individual rates of NO and NO2 consumption; their
sums equal the overall rate, RNOx. Indicated in the figure is the NH3 concentration
at which the fast SCR feed is achieved. To the left of that point the reaction system
is deficient in NH3, while to the right the NH3 is in excess with respect to the
stoichiometry ratio NO:NO2:NH3 = 1:1:2. For each of the three temperatures
RNOx exhibits a slight maximum, with the maximum shifting to higher NH3

concentration with increasing temperature. To the right of the maximum the total
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rate slightly decreases with increasing NH3 concentration, although the data
indicate that the decrease is somewhat more pronounced at the higher tempera-
tures. To the left of the rate maximum, an interesting feature is the coincidence of
the 215 and 245 �C RNOx data. At each temperature, the NO2 consumption rate
(RNO2

) exceeded the rate of NO consumption (RNO) except when NH3 was less
than 100 ppm. Below that concentration RNO2

\RNO

The trends in the rate data as a function of NH3 in Fig. 11.12a reveal two notable
features. First, the existence of the rate maximum is evidence for inhibition by NH3,
encountered during standard SCR (Fig. 11.10). At higher NH3 concentration the
NH3 blocks sites for adsorption and reaction. In the case of standard SCR, ammonia
blocks the adsorption of oxygen and hence the conversion of NO into NO2. In the
case of fast SCR, ammonia similarly blocks the adsorption of NO2, a necessary step
for the subsequent formation of nitrites/HONO that reacts with NH3 to form N2.
Second, the inequality of the NO and NO2 consumption rates suggests that multiple
paths to N2 occur simultaneously. The fast SCR stoichiometry (reaction R2) implies
the rates should be equal. But the equimolar NO/NO2 feed containing 500 ppm
NH3 shows that the NO2 consumption rate is nearly twice that of NO consumption.
This suggests that NO2 is consumed by an additional route such as reaction R3
(‘‘NO2 SCR’’) and/or R6 (AN formation). This trend is consistent with the integral
consumption of NO and NO2; i.e., the fast SCR feed case shown in Fig. 11.5b
indicates that NO2 is consumed more rapidly than NO as a function of temperature.
It is interesting to note in Fig. 11.12a that the NH3 appears to inhibit the rate of NO
but not of NO2 consumption. This subtle feature needs further investigation because
it may mean that the adsorption of NO2 is not inhibited to the same degree as the
adsorption of oxygen. When NH3 is below 100 ppm, the NO consumption rate
overtakes that of NO2. This feature also deserves further consideration.

A similar experiment was carried out for NO and the results are reported in
Fig. 11.12b. In this experiment, the dry feed NH3 and NO2 concentrations were
kept constant at 1,000 and 500 ppm, respectively, while the NO feed concentration
was varied from 0 to 900 ppm. O2 was not fed in order to avoid the occurrence of
the standard SCR and NH3 oxidation by O2 reactions. The total NOx consumption
rate is an increasing function of the NO concentration at all temperatures but
steeper at lower concentrations, indicating an apparent NO order less than unity.
This is in contrast to an order of unity for the standard SCR reaction (Fig. 11.10).
Like the results with NH3 in Fig. 11.12a, the NO2 consumption rate exceeds the
NO consumption rate. In contrast with the NH3 experiment, however, at a NO
concentration of zero the NO2 consumption rate is nonzero due to the direct
reaction between NO2 and NH3 that does not require NO. On the other hand, the
NO consumption rate passes through the origin. That the NO consumption rate is
nonzero in the absence of O2 points to reaction of NO with surface nitrates,
forming NO2; i.e., reverse of reaction S5.

Similar studies were repeated by varying the feed NO2 concentration in the
same temperature range (Fig. 11.12c). NO and NH3 feed concentrations were kept
constant at 500 and 1,000 ppm, respectively. Again, no O2 was present in the feed.
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In this experiment all of the rate curves pass through the origin. This shows that
NO reaction with NH3 is negligible in the absence of NO2 or O2. The data also
show that the apparent reaction order with respect to NO2 is positive. In fact the
shapes of the NO2 consumption rate curves are sigmoidal, while the NO rate
curves exhibit a shallow maximum. These are features should be predicted by any
viable kinetic model.

In addition to the experiments shown in Fig. 11.12a–c, we simultaneously
increased NO and NO2 concentrations in the feed while holding the NH3 con-
centration fixed. NO and NO2 were fed in equimolar ratio while keeping the NH3

constant at 1,000 ppm and the feed gas devoid of O2. The data in Fig. 11.12d
shows that the NOx consumption rate is an increasing function of the equimolar
NOx feed. Moreover, a sigmoidal character to the data is apparent. As in the
above-described experiments, the NO2 consumption rate exceeded that of NO.
This trend is consistent with earlier results obtained for integral NOx conversion
experiments.

Similar experiments were carried out to determine the effect of oxygen con-
centration on the fast SCR reaction. For these experiments, 500 ppm NO, 500 ppm
NO2, and 1,000 ppm NH3 were kept constant in the inlet feed and Ar was used as a
balance gas with 1,000 sccm as the total flow rate. The inlet O2 concentration was
varied in the range of 0–5 % for temperatures of 185, 220, and 245 �C. The O2 was
found to have no effect on the fast SCR reaction. Hence the apparent reaction order
with respect to O2 can be considered to be zero.

From these rate data the following observations can be made. The NOx con-
sumption rate for the fast SCR reaction has apparent positive orders with respect to
both NO and NO2. However, the complex dependence on NO2 in particular
indicates multiple reaction pathways in the presence of NO. The apparent order for
ammonia varies between positive and negative while the apparent reaction order
for O2 is nearly zero. From Fig. 11.12a it is clear that the increasing NH3 reduces
the RNO slightly while having a negligible effect on RNO2

. Grossale et al. [40]
described the role of NH3 inhibition on the fast SCR chemistry at lower temper-
atures. They concluded that the NH3 blocking effect is due to the strong interac-
tions between NH3 and nitrates. That is, fast SCR is inhibited by AN formed
through the reaction of NH3 and surface nitrates. To this end, NO reduction of AN
is a plausible rate-determining step. Below we describe an experiment that pro-
vides additional evidence for this. Finally, the apparent activation energy for the
fast SCR reaction with respect to the rate of NOx conversion at different
temperatures was found to be 18 kJ/mol, which is somewhat less than that of
standard SCR reaction (ca. 40 kJ/mole). Devadas et al. [34]. reported a value of
about 7 kJ/mol for the fast SCR and temperatures up to 350 �C. At this temper-
ature, diffusion limitations cannot be ruled out and thus the value they have
obtained may not be valid for the intrinsic kinetic regime. An examination of mass
transfer is presented in the next section.

Transient experiments provide additional probes of mechanistic issues not
obtainable from steady-state experiments. Studies by Tronconi and coworkers
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have illustrated this for V-based catalysts [48] and Fe-based catalysts [27]. Here
we describe similar experiments carried out at UH. In order to study the ammonia
inhibition effect in more detail, we carried out transient experiments in which a
mixture containing 500 ppm each of NO and NO2, and 1,000 ppm NH3 was fed to
the reactor for 1 h and then NH3 was suddenly switched off. The transient response
of the NO and NO2 concentrations was monitored during this procedure.
Figure 11.13a, b shows the results obtained at 180 and 250 �C, respectively. The
premise of the experiment was to examine if any ammonia nitrate was present on
the catalyst. At 180 �C, immediately after the NH3 stoppage it was observed that
the NO concentration dropped for a while, went through a minimum and then
increased; in contrast, the NO2 and N2 both increased with the stoppage of NH3.
Thus, NO was apparently being consumed at 180 �C. At 250 �C, the dip in NO
concentration was small, while at 300 �C, no dip in the NO concentration was
observed. These observations indicated that the dip in NO concentration is due to
the reaction of NO with NH4NO3 present on the catalyst (reaction R11).

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 

500 

3500 3600 3700 3800 3900 4000 

C
on

ce
nt

ra
ti

on
 (p

pm
)

Time (s)

NO
NO2
NH3

(a)

T = 180 oC 

-50 

0 

50 

100 

150 

200 

250 

300 

3500 3600 3700 3800 3900 4000 

C
on

ce
nt

ra
ti

on
 (p

pm
)

Time (s)

NO

NO2

NH3

(b)
T = 250 oC 

Fig. 11.13 Dependence of
species concentrations on
time for experiment in which
NH3 was shut off at
t = 3,600 s mark; in a the
temperature was 180 oC
whereas in b the temperature
was 250 �C

11 Lean NOx Reduction by NH3 on Fe-Exchanged Zeolite 339



As observed in the steady-state experiments above, the NH4NO3 present on the
catalyst decreased with time and at 300 �C, there was essentially no NH4NO3

present for the fast SCR case.
To examine the effect of NH4NO3 formation on the overall conversion, we

carried out some TPD experiments after the catalyst was exposed to a feed con-
taining 1,000 ppm of both NH3 and NOx (NO ? NO2) in the presence of 5 % O2

for different durations (between 0.5 and 2 h); see Fig. 11.14. The catalyst
temperature was maintained constant at 180 �C during this exposure. After the
prescribed time had lapsed, all the gases except Ar were switched off for 30 min to
remove any physisorbed species, and then a temperature ramp of 10 �C/min was
applied. During the temperature ramp, N2O was evolved, reaching a peak value in
the temperature range of 250–300 �C. The amount of N2O generated, which was
calculated by integrating the N2O peak, provided an estimate of the amount of
NH4NO3 present on the catalyst; i.e., the AN decomposition product is N2O. The
amount of N2O evolved was different for each of the feeds. The largest amount
evolved was obtained for the 2 h experiment with 1,000 ppm NO2. This amount
exceeded by more than 50 % the amount obtained during the 2 h experiment with
the equimolar mixture of NO2 and NO (0.43 mol). The 1 h long equimolar feed
resulted in only slightly less N2O evolved (0.37 mol), indicating that the catalyst
had reached a constant level of AN by 2 h even though the catalyst had capacity
for additional NH4NO3 accumulation at this temperature (based on the
NO2 ? NH3 exposure). At the very least, these experiments demonstrate that
NH4NO3 is present on the catalyst surface and that it is the probable inhibiting
species in this temperature range. The lesser amount accumulated with the
NO=NO2 feed compared to the NO2 feed indicated a mitigating role of the NO.
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The likely explanation is that NO served to react with (reduce) the NH4NO3,
freeing up sites and increasing the conversion. Furthermore, the rather slow
approach to steady state in these experiments indicated that the reduction of
NH4NO3 by NO is a likely rate determining under these conditions.

Various mechanistic-based kinetic models that describe the effect of NO2 have
appeared in the literature. Here we attempt to summarize the current understanding
of the mechanism and associated kinetics. As before, we consider both the LH and
Redox approaches.

Tronconi and coworkers have proposed a fast SCR kinetic mechanistic model
that is based on a Redox mechanism [27, 57, 58]. Like the LH SCR model, the
Redox SCR model has adsorbed NH3 reacting with gas phase HONO or surface
nitrites, forming NH4NO2, which decomposes to N2 (cf. S22). The nitrites are
formed through the reduction of nitrates by NO (step S9). Additional steps would
include the formation of NH4NO3 and its decomposition to N2O, among others.

The role of NO2 during SCR was considered by Grossale et al. [19, 77] in the
context of a redox process. For example, they proposed a series of global reactions
that would explain the 3:4 NO2:NH3 stoichiometry of the NO2 SCR reaction R3 in
the presence of H2O.

R17: 6NO2 þ 3H2O ! 3HNO3 þ 3HONO DH ¼ �20:6� 103J=mol NO2

R18: 3HONOþ 3NH3  ! 3N2 þ 6H2O DH ¼ �358� 103J=mol HONO

R19: 3HNO3 þ 5NH3  ! 4N2 þ 9H2O DH ¼ �513� 103J=mol HNO3

The investigators coined the term ‘‘fast ammonia oxidation’’ reaction system. The
global reactions are similar to the surface reactions contained in the context of the
LH fast SCR model. One difference is that in the absence of NO the reduction of
surface nitrate does not occur. In related work, the Milano group showed among
other things that surface nitrates are preferentially reduced by NO, if available; i.e.,
fast SCR. In the absence of NO the nitrates are less effectively reduced by NH3;
i.e., NO2 SCR [27]. The alternative LH model considers that for a feed consisting
of NO, NO2, and NH3 (in excess O2 and H2O) the co-adsorption of NO2 and NH3

is followed by a series of steps that lead to the acidic species HONO and HNO3:

S4: NO2 þ S1  ! NO2 � S1

S5:2NO2 � S1  ! NO3 � S1 þ NOþ S1

S6: NO2 � S1 þ O� S1  ! NO3 � S1 þ S1

S7: H2Oþ S1  ! H2O� S1

S8: 2NO2 � S1 þ H2O� S1  ! HONO� S1 þ HNO3 � S1 þ S1

S9: HNO3 � S1 þ NOþ S1  ! HONO� S1 þ NO2 � S1

S10: NOþ NO2 � S1 þ H2O� S1  ! HONO� S1 þ NO2 � S1

S19: NH3 þ S2  ! NH3 � S2

S20: NH3 � S2 þ S1  ! NH3 � S1 þ S2

11 Lean NOx Reduction by NH3 on Fe-Exchanged Zeolite 341



The LH model, like the Redox model, considers that the reaction of the acids with
surface NH3 leads ultimately to NH4NO2 and NH4NO3. The nitrite pathway is the
selective one to N2

S21: NH3 � S1 þ HONO� S1  ! NH4NO2 � S1 þ S1

S22: NH4NO2 � S1 þ S1  ! N2 þ 2H2O� S1

The nitrate pathway can lead to N2 but also involves a nonselective decomposition
pathway to by-product N2O

S24: NH3 � S1 þ HNO3 � S1  ! NH4NO3 � S1 þ S1

S25: NH4NO3 � S1  ! N2Oþ 2 H2O� S1

In addition, the NO reduction of AN, analogous to HNO3 reduction, is plausible,
following the above-described experiments which quantified the net production of
AN; i.e.,

S26: NH4NO3 � S1 þ NOþ S1 ! NH4NO2 � S1 þ NO2 � S1

Finally, the ‘‘NO2 SCR’’ reaction R3 involves a selective pathway to N2.
The LH model comprising this set of steps can be used to derive a governing

rate expression if a single rate-determining step is identified. Which step is the
limiting one will depend on the relative quantities of NO and NO2. In the limit of
the feed NO2 ? 0, the mechanism should resort to the standard SCR reaction
which would have to include NO oxidation steps S1, S2, and S3. With increasing
NO2 in the feed, the conversion data clearly shows an enhancing effect of NO2.
The overall chemistry is de-bottlenecked following the argument that the forma-
tion of adsorbed NO2 is the rate-limiting process in the NO2 ? 0 limit. Then the
formation of the two key intermediates, NH4NO2 and NH4NO3, are the primary,
potentially limiting pathways affecting the conversion and product distribution.
The rates of interconversion of their precursors, nitrous and nitric acids and/or Fe
nitrites and nitrates, are critical. For example, when NO is added systematically to
a feed containing NO2 and NH3, an increase in the N2 yield and decrease in the
NH4NO3 yield results (Fig. 11.15). It has been shown that the addition of NO
causes the reduction of nitrates to nitrites [36, 77]. The aforementioned transient
tests (Fig. 11.14) underscore this point. Indeed, the fact that the highest rates are
obtained with an equimolar mixture is explained by the sum of steps S8 and S9

S90 ¼ S8þ S9ð Þ : NO2 � S1 þ NOþ H2O� S1  ! 2HONO� S1

That is, the role of NO is to convert nitrates to nitrites, which are rapidly con-
verted to N2 in the presence of NH3. This follows from earlier works advocating
the Redox model, such as Grossale et al. [27]. The analog of step S9’ indeed
represents a redox step involving the change in the formal oxidation state of N
from +5 (nitrates) to +3 (nitrites). Earlier we showed transient kinetic evidence that
the NO reduction of NH4NO3 (step S25) may be rate determining at lower tem-
perature. A similar reaction is the NO reduction of nitric acid (S9) or nitrates.
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These steps increase the coverage of surface nitrites which rapidly convert to N2.
The differential rate data for temperatures below 250 �C presented earlier show
clear evidence for multiple reaction pathways: The differential rate of NO2

consumption exceeds that of NO at lower temperatures. This points to the formation
of NH4NO3 and its inhibition of N2 formation, but also the mitigation of the
inhibition by and AN reduction by NO. It can be shown that an overall rate based on
the reduction of HNO3 and/or NH4NO3 as the RDS has the functional features to
predict the main trends in the experimental data. Further analysis of microkinetic
models that include these steps S1–S10 and S19–S26 is needed. Later we describe
global kinetic models that predict these data as a first step toward this goal.

In the limit of the feed NO2/NOx ? 1, the LH mechanism should predict the
NO2 SCR reaction behavior. That the overall stoichiometry to N2 product is 4:3
NH3:NO2 and not 1:1 points to the different chemical pathways. In the absence of
gas phase NO, the reduction of HNO3 or NO3

- will not occur. This helps to explain
why NH4NO3 and its decomposition product N2O are important by-products at
low to moderate temperatures. On the other hand, at high temperatures ([400 �C)
NO2 decomposition will occur, yielding adsorbed NO and O. Moreover, adsorbed
NH3 may react with O adatoms forming N2 and NO as products. In turn, the NO
can then serve in the role of reductant, generating HONO/NO2 through reaction
with HNO3/NO3

-. Detailed kinetics data are needed to build such a mechanistic-
based model.

11.4 Reaction and Transport Interactions

An important aspect of catalytic reactor design is understanding, quantifying, and
managing mass and heat transport limitations. While heat transport limitations are
negligible in NH3-based SCR due to the low reactant concentrations, mass
transport limitations cannot be similarly ruled out. This includes mass transport at
three levels: external mass transport from the bulk gas to the catalyst surface,
washcoat diffusion within the mesoporous layer containing zeolite crystallites
supported by a high surface area binder material such as alumina, and crystallite-
scale diffusion within the pores of the zeolite crystallites. In practice, zeolite
diffusion is lumped with the intrinsic catalytic processes due in part to the difficulty
of separating the two processes. Here we highlight our understanding of the impact
of the first two processes on the SCR catalyst performance in a monolith con-
taining a washcoat of Fe-exchanged zeolitic crystallites (Fig. 11.15).

In a recent study, Metkar et al. [78] presented a systematic analysis in which the
washcoat loading and monolith length were varied to quantify the extent of dif-
fusion limitations during SCR on an Fe-exchanged monolith catalyst. Figure 11.16
compares the conversions obtained with two Fe-ZSM-5 catalysts having the same
total washcoat loadings but different washcoat aspect ratios (thickness, length).
Each catalyst was subjected to the same conditions; since this included total flow
rate the ratio of the catalyst mass and total flow rate (W/F value) was fixed. This
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method identifies the emergence of washcoat diffusion limitations as the temper-
ature is increased. In the purely kinetic regime no difference would be encountered
because the catalyst is fully utilized. In the case of a very fast reaction external

0 

100 

200 

300 

400 

500 

600 

700 

800 

0 100 200 300 400 500 600 

C
on

ce
nt

ra
ti

on
 (p

pm
)

Feed NO Concentration (ppm)

N2 

NO

NO2

NH3 

NH4NO

Fig. 11.15 Effect of feed NO concentration on the product distribution during SCR on FeZ-18
catalyst at 185 �C. Space velocity 57,000 h-1. Total Flow rate = 1,000 sccm. Balance gas: Ar.
Feed: 1,000 ppm NOx (NO ? NO2), 1,000 ppm NH3, 5 % O2, and 2 % H2O
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balance Ar; 1,000 sccm (GHSV = 57 K h-1). (Used with permission [78] and used with
permission.)
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mass transport limitations emerge at high temperatures. In this latter case only a
small fraction of the washcoat would be utilized. The fixed W/F test could be
augmented by an experiment in which the residence time is maintained constant to
provide additional insight about external mass transfer.

The analysis of Metkar et al. shows that for standard and fast SCR on
Fe-exchanged zeolites, the extent of mass transport limitations varies but appears to
be important for most practical operating conditions and typical washcoat loadings.
The results obtained on different Fe-exchanged zeolite samples clearly show the
onset of mass transport limitations above a threshold temperature. That temperature
value depends on the SCR feed composition (standard, fast, NO2 types). A
threshold temperature of about 300 �C for standard SCR and 250 �C for fast SCR
was estimated. An estimate of the apparent activation energy that was about half the
value determined when mass transport limitations were negligible provided further
evidence. Metkar et al. [42] reported an apparent activation energy of 24 kJ/mole
during differentially operated standard SCR on the same washcoated Fe-ZSM-5 in
the temperature range of 350–500 �C. A smaller sample enabled a high space
velocity (2 9 106 h-1) to achieve the differential conditions. The 24 kJ/mole was
slightly over one-half the value obtained at lower temperatures (42 kJ/mole). The
one-half value of the apparent activation energy is a signature of diffusion limita-
tions. Metkar et al. showed how the analysis can also be used to estimate the
effective diffusivity through the use of the Weisz-Prater modulus and confirmed by
simulations using a 1 ? 1 D monolith reactor model. An activation energy as low
as 7 kJ/mole was reported by Devadas et al. [23] for fast SCR and may indicate the
presence of external mass transport limitations. A study by Nova et al. [79] indi-
cated the presence of transport limitations for Cu-zeolite catalysts. Monoliths
having three different cell densities (200, 400 and 600 CPSI) were compared for the
same mass loading of washcoat. The study concluded that diffusional limitations
were present for the 200 CPSI monolith catalysts and possibly the 400 CPSI
sample. On the other hand, a more recent study by Colombo et al. [57] indicated
that diffusion limitations are negligible to modest based on a comparison of
monolith and crushed monolith powder catalysts. The authors cautioned about the
generalization of these findings. Differences in the extent of transport limitations
can be attributed to differences in the intrinsic activities of the catalysts, for
example. In summary, it is clear that the issue of diffusion limitations is a nontrivial
one but deserves attention in the design of SCR reactors.

Indisputable experimental evidence for the existence of diffusional limitations
is the data from a study of dual-layer Fe–Cu zeolite catalysts carried out by Metkar
et al. [80]. In that study, monoliths were sequentially coated with layers of Cu- and
Fe-exchanged zeolite catalyst. The results showed that a monolith comprising a
top layer of Fe-ZSM-5 and a bottom layer of Cu-ZSM-5 resulted in an expanded,
high NOx conversion temperature window. At sufficiently high temperature the
dual layer catalyst conversion approached that of the single layer, Fe-only catalyst,
suggesting that only the top Fe layer of the dual component was utilized. That is,
washcoat diffusion limitations of the limiting reactant, in this case NH3, prevented
the utilization of the underlying Cu layer. With feeds spanning standard, fast, and
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NO2 SCR compositions, superior NOx conversion performance was achieved with
the layered architecture. The schematic shown in Fig. 11.17 explains the concept
while Fig. 11.18 provides typical data for several monolith samples. The catalyst
design and operating strategy was to exploit differences in the intrinsic activity and
selectivity of the two catalysts through coupled reaction and diffusion. At low
temperature the top layer should behave in the limit as simply as a diffusion
barrier, whereas at high temperature the top layer should be sufficiently active so
as to confine most of the conversion in that layer. This was of definite benefit
because at low temperature, the Fe layer was much less active than the underlying
Cu layer which was selective for N2, while at high temperature reaction occurred
in the more selective Fe top layer.

To illustrate, the data in Fig. 11.18 shows that a washcoat catalysts containing
different fractions of Fe and Cu but a fixed total loading result in quite different

Fig. 11.17 Schematic representation of dual layer Fe/Cu monolith catalyst. (Used with
permission [80].)
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NOx conversions. The 50:50 Fe:Cu-layered catalyst achieved a NOx conversion
that was essentially the arithmetic average of the individual Fe- and Cu-exchanged
catalysts. In contrast, the dual layer catalyst with a thin Fe-zeolite (33 % of the
total washcoat loading) layer on top of a thicker Cu-zeolite layer (67 %) resulted
in a high NOx conversion over a wide temperature range and NO2/NOx feed ratio
values. In the lower temperature range, the conversion approached that of the
Cu-zeolite, whereas at higher temperatures the conversion approaches that of the
Fe-zeolite.

These dual layer results provide clear evidence of the existence of mass
transport limitations. That the conversion for the dual-layer Fe/Cu catalyst (I, J, K)
approached that for the Fe (top) layer at sufficiently high temperature indicates that
significant transport limitations were present. In fact, the experiment helps to
pinpoint the temperature at which the onset of diffusion limitations occurs for an
Fe top layer of a prescribed loading (thickness). As the Fe top layer thickness
decreases, the temperature at which the dual layer catalyst conversion is within a
few percent of the single layer Fe catalyst (sample F) conversion increases. For
example, the conversion for the thickest Fe top layer catalyst (sample I) approa-
ches that of the single layer Fe catalyst at about 300 �C. For next thinner top layers
(samples J), the temperature increases to 400 �C. Were diffusion limitations not
present, the conversion would approach the arithmetic average of the Fe and Cu
catalysts, not unlike a mixed layer catalyst.

In conclusion, mass transport limitations cannot be ignored during SCR for
moderate to high temperatures and realistic washcoat loadings. This is particularly
true for more active catalysts and/or fast SCR conditions. This opens the need for
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increasing the gas–solid interfacial area and decreasing the effective washcoat
thickness. This may be accomplished through higher density monoliths, for
example.

11.5 Reactor Modeling Developments

Progress has been made towards the development of monolith reactor models that
predict SCR performance under both steady state and transient operation. Guth-
enke et al. [33]. provided a thorough review of SCR reactors. Most of the earlier
work in this area was done for the more established Vanadia-based catalysts and
involved the use of global kinetic models [81–83]. More recent works by Nova
et al. provided detailed transient model for the SCR reaction system on Vanadia-
based catalyst [8, 45]. Olsson and coworkers developed both global and detailed
kinetic models for NH3-SCR reactions on Cu-ZSM-5 catalysts [14, 15, 49]. More
recent works have communicated models for NH3-SCR reactions on Fe-zeolite
catalysts [25, 57, 76, 84].

We highlight in this section some of these more recent developments of reactor
models for Fe-based catalysts based on global kinetic descriptions. Our intent is to
describe the state of the art, pointing out the main features and limitations of the two
recent models. There remains a need to build on the emerging understanding of the
mechanistic features of SCR through the use of reactors based on microkinetic
models. That will undoubtedly be an area of activity in the coming years [15].

A transient global kinetic model was developed for Fe-exchanged zeolite
monolith catalysts by Sjovall et al. [25]. The model incorporates several global
reactions involving measured stable species, external mass transfer, and accu-
mulation of adsorbed NH3. The model treats all reacting and product species as gas
phase species except for NH3 and NH4NO3. The model accounts for the known
nonideal adsorption and accumulation of NH3 and assumes that NH4NO3 forma-
tion and accumulation occurs on a second type of site. In addition to the NH4NO3

formation reaction from NO2 and adsorbed NH3, the model includes NO oxidation
by O2, standard SCR, fast SCR, and NO2 SCR. The model does not account for
N2O formation which is known to be a product of NH4NO3 decomposition. Instead
the NH4NO3 is assumed to decompose to NO2, O2, and H2O. The authors modify
the stoichiometry of the standard SCR reaction to account for documented
‘‘overconsumption’’ of NH3 in the presence of NO. In accounting for the coverage
of NH3, the model considers that rate of the standard SCR reaction is proportional
to the fraction of vacant sites, so as a result the model predicts the known rate
inhibition NH3. The model does not account for a similar inhibitory effect of NH3

on the fast SCR chemistry as we have described earlier, however. Finally, the
model does not consider the existence of washcoat diffusion limitations which are
undoubtedly present above 250 �C when NO2 is in the feed, or 300 �C during
standard SCR. Thus, application of the model to other catalysts would require
modification of the kinetic parameters.
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The Sjovall et al. [25]. global model was tuned (i.e., parameters estimated) for a
systematic and sequential set of experiments spanning NH3 TPD, NO and NH3

oxidation, standard SCR, fast SCR, and NO2 SCR. The model was then validated
by its ability to predict SCR for NO2/NOx feed ratios other than the ones used to
tune the model (*0, 0.5, 0.75). The results of the simulations, which considered
both steady-state and transient experiments, reveal good agreement (Fig. 11.19).
The transient predictions are especially noteworthy, showing how the catalyst
responds to time-varying feeds containing different ratios of NO and NO2.

Another recent model by Colombo et al. [57]. considered standard, fast, and NO2

SCR on Fe-exchanged zeolites. This model builds off earlier models for vanadia
and Fe catalysts, the new feature being inclusion of NO2/NOx ? 1 SCR chemistry.
The model includes nonideal isotherm treatment of NH3 adsorption to predict the
ammonia coverage, rate expressions for NO oxidation, NH3 oxidation, standard
SCR (low and low temperature), ammonium nitrate formation and sublimation,
N2O formation, fast SCR, and N2O formation and consumption. Some specific
features are incorporated into rate expressions to account for certain effects.
A Mars–Van Krevelen rate expression that includes NH3 site blocking is used. The
model predicts many of the trends in data obtained for commercial Fe-exchanged
monolith catalyst (Fig. 11.20). Validation was demonstrated through simulations of
NO2/NOx = 0.25 and 0.75 feeds. Very good agreement was demonstrated between
model and experiment. This was described in the study by Guthenke et al. [33] in
which the intrinsic kinetics were incorporated into a 1 ? 1 D monolith model.

The recently developed SCR reactor model reported by Metkar et al. [76] also
utilized a global kinetic description. The reactor and kinetic models have similar
features to the Sjovall et al. model but with some added features. Similarities
included the incorporation of the key overall reactions and NH3 adsorption.

Fig. 11.19 Experimental and model-predicted effluent species concentrations during transient
SCR (Used with permission [25].)
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In contrast to the Sjovall et al. model, the Metkar et al. model considered only
steady-state data, but accounted for N2O formation and consumption as well as
washcoat diffusion. Specifically, the model accounted for NH3 adsorption, NH3
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oxidation, NO oxidation, standard SCR, fast SCR, NO2 SCR, ammonium nitrate
formation and its decomposition to N2O, N2O decomposition, and N2O reduction
by NH3. The study also included a global kinetic model for the commercial Cu/
chabazite zeolite catalyst commercialized by BASF Inc. This enabled the investi-
gators to simulate combined Fe–Cu catalyst in the sequential brick and dual layer
architectures.

The Metkar et al. [76] study followed a similar approach to that of Sjovall et al.
[25], utilizing a systematic set of experiments with increasingly complex feeds to
estimate parameters. The model was validated by simulating monoliths of different
lengths and feeds with different compositions. The model captured very well the
NOx and NH3 conversions and reasonably well the selectivity to the N2O
by-product. An example comparison of model and experiment is shown in
Fig. 11.21a. It is interesting to note that the model predicted the onset of washcoat

NO

NOx

NH3

N2O+AN

N2

Fig. 11.21 Comparison of
experimental (symbols) and
model-predicted (lines)
steady-state concentrations of
various species obtained
during the NO2 SCR reaction
studies carried out on Fe-
ZSM-5. Feed: 500 ppm NO2,
500 ppm NH3, 5 % O2, 2 %
H2O. (Adapted from Metkar
et al. [76] and used with
permission.)
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diffusion limitations reported in an earlier study. The capability of the model to
predict trends over a wide range of temperature and feed compositions is shown in
Fig. 11.21b. The model captures most of the overall and specific trends, such as
the strong sensitivity to NO2 at lower temperatures and the existence of the
maximum N2 yield at a NO:NO2 feed ratio of unity, among other features.

The Metkar et al. [76] model was also used to predict the performance of
combined Fe- and Cu-zeolite monolithic catalysts in the form of either sequential
bricks or dual layers. Without any adjustment of the kinetic parameters from the
tuning of the single component catalysts, the model predicted all of the main trends
in the combined system data. An example result is shown in Fig. 11.22. The model
predicts the wide expansion in the temperature window giving a high conversion
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when the Fe-zeolite monolith was positioned upstream of the Cu-zeolite monolith,
or was the top layer of a dual layer monolith. It is important to note that the
simulation of the dual layer catalysts would not have been possible without
accounting for the internal diffusion of reacting species in the washcoat layer(s).
The model confirmed that there exists an optimal loading of Fe-zeolite in the form
of a separate monolith brick or top layer. Current work in our group reveals an
interesting interplay of reaction and diffusion, enabling the determination of which
architecture is best in terms of NOx conversion over a range of temperatures.

11.6 Concluding Remarks

The development of metal-exchange zeolites for lean NOx reduction is one of the
more significant developments in catalysis in recent years. In this chapter, we have
attempted to capture the latest understanding of Fe-zeolite catalysts in terms of
catalyst performance, mechanism, kinetics, reaction-transport interactions, and
their combination with Cu-exchanged zeolites in multi-component Fe/Cu monolith
catalysts.

The role of kinetic and reactor modeling is crucial in the continued advance-
ment of these catalysts as they are optimized for specific applications. We have
described different mechanisms for SCR for feed compositions spanning the
standard to fast to NO2 types. Convergence to the correct mechanisms is essential
if predictive mechanistic-based kinetic models are to be developed. To date the
kinetic models have been of the global variety. While these are useful for reactor
optimization, microkinetic models are needed to guide rational catalyst design and
the discovery of new catalyst formulations.

Finally, certain aspects that have not been covered in this chapter include
coupled NH3 and hydrocarbon SCR and SCR catalyst poisoning and aging/
deactivation. Understanding and hopefully predicting the useful life of these
catalysts is paramount. A molecular-level understanding of the mechanisms of
hydrocarbon and sulfur poisoning and thermal degradation relies on mechanistic-
based kinetic models.
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Chapter 12
Kinetic Modeling of Ammonia SCR
for Cu-Zeolite Catalysts

Louise Olsson

In this chapter, kinetic models for ammonia SCR over Cu-zeolites are described.
Both global and detailed models are presented and both commercial materials as
well as model samples are used. In the SCR system, several reactions are important
in order to describe the mechanism and these reactions are discussed below.
Ammonia storage and desorption on the catalyst surface is crucial in order to
capture the transient behavior of the catalytic system. These steps are examined
using both temperature programmed desorption experiments, as well as with the
help of microcalorimetry techniques. In more detailed kinetic models, adsorption
of other species like water and NOx are also considered. Depending on the NO2 to
NOx ratio, different SCR reactions will occur; standard SCR, rapid SCR, and slow
NO2 SCR. These reactions are added to kinetic models, either in global format or
more detailed reaction steps. In addition, there are several other reactions occur-
ring during the SCR process, such as, for example, NO oxidation to produce NO2.
Unfortunately, there are also several unwanted side reactions taking place, like
ammonia oxidation and N2O formation. These steps are crucial to add to kinetic
models and are described in this chapter.

12.1 Introduction

An important group of catalysts for NOx reduction through ammonia SCR is
represented by copper exchanged zeolites [1–9]. Many different zeolites have been
investigated, for example, Cu-ZSM-5 [10–13], Cu-faujasite [14], Cu-Beta [15, 16],
and Cu-Y [17]. Recently, copper zeolites with chabazite (CHA) structure have
received great attention due to their high thermal stability and hydro carbon
resistance [18]. Both Cu-SAPO-34 [19] and Cu-SSZ-13 [18] have a CHA structure
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and have been investigated for NH3 SCR. The NOx conversion depends on the
NO2 ratio in the feed. When only NO is present, the standard SCR reaction occurs
as follows:

4NH3 þ 4NOþ O2 ! 4N2 þ 6H2O ð12:1Þ

while if equimolar amounts of NO and NO2 are present, the fast SCR reaction
dominates at a much higher rate:

2NH3 þ NO þ NO2 ! 2N2 þ 3H2O ð12:2Þ

However, if the NO2 to NOx ratio is high, the slow NO2 SCR reaction occurs
while the amount of N2O produced is also increased:

4NH3 þ 3NO2 ! 3:5N2 þ 6H2O ð12:3Þ

2NH3 þ 2NO2 ! N2 þ N2O þ 3H2O ð12:4Þ

Kinetic models for ammonia SCR have been developed for vanadia on titania
[20–24], Cu-ZSM-5 [10–13], Cu-faujasite [14], HZSM-5 [25], and Fe zeolites
[26–28]. In this chapter, the focus is on kinetic models for ammonia SCR over
copper zeolites. Both global and detailed kinetic models will be described and
many subreactions in the mechanism, such as ammonia storage, ammonia
oxidation, NO oxidation etc., will be discussed in detail.

12.2 Kinetic Models for Ammonia and Water Storage
Over Cu-Zeolites

The copper zeolites store large amounts of ammonia. This is an important feature
of these catalysts, since ammonia stored at the surface at medium temperatures can
be used at low temperatures, where it is not possible to dose urea due to by-product
formation. It is, therefore, crucial to describe ammonia storage and desorption in a
kinetic model accurately to be able to predict transient variations.

The most common way to describe ammonia adsorption and desorption in SCR
catalysts, in general, is to use the Temkin type isotherm [10, 13, 24, 27, 29]. The
Temkin adsorption isotherm considers the adsorbate-adsorbate interactions, and in
the models therefore coverage dependent heat of adsorption is used. This also
results in that the activation energy for desorption of NH3 is coverage dependent:

Edes ¼ Edes 0ð Þ 1� ahNH3ð Þ ð12:5Þ

where Edes(0) is the activation energy for desorption for zero coverage, a is a
constant, and hNH3 is the coverage of ammonia on the surface. The heat of
adsorption can be determined by fitting parameters to TPD experiments, which is
the most common method. However, calorimetry is a powerful technique for
measuring the heat of adsorption directly [16]. The advantage of this method is
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that it measures DH, thereby avoiding correlations between some of the parameters
(for example, between the pre-exponential factor and activation barrier for
desorption). Heat of adsorption of ammonia on zeolites has been measured pre-
viously, resulting in DH for zero coverage of -130 kJ/mol for H-ZSM-5 (SiO2/
Al2O3 ratio of 30) [30], -130 kJ/mol for H-Beta (SiO2/Al2O3 ratio of 19.6) [30]
and -120–130 kJ/mol for H-ZSM-5 (SiO2/Al2O3 ratio of 110) [31]. Average DH
is also reported, resulting in -114 kJ/mol for H-ZSM-5 (SiO2/Al2O3 ratio of 110)
[31] and -104.8 kJ/mol for Cu-ZSM-5 (SiO2/Al2O3 ratio of 30) [32].

Wilken et al. [16] conducted an ammonia TPD experiment in the calorimeter,
while simultaneously measuring the heat produced/used, the results of which are
shown in Fig. 12.1. In this experiment, the Cu-BEA catalyst is exposed to
2,000 ppm NH3, which results in an exotherm and simultaneously there is a total
uptake of all ammonia. When the catalyst is saturated with ammonia, ammonia
breaks through and no heat is released. After the ammonia step, the catalyst is
flushed with Ar only and weakly bound ammonia is released. This reaction is
endotherm and heat is consumed (see top panel Fig. 12.1). In the last step, the
temperature is increased and ammonia is desorbing. This experiment resulted in an
average heat of adsorption of about -100 kJ/mol [16]. However, as mentioned
above, the heat of adsorption of ammonia is coverage dependent. Wilken et al. [16]
developed a method for determining the coverage dependent heat of adsorption at
atmospheric pressure. Initially, the catalyst was exposed to ammonia at 500 �C
(see Fig. 12.2). Only the most strongly bound ammonia is adsorbed at this high
temperature, which results in a low ammonia coverage with high DH. The catalyst

Fig. 12.1 Ammonia TPD experiment on Cu-Beta. The top panel shows the heat flow and the
lower panel the ammonia concentration [16]. Reprinted with permission from Wilken et al. [16].
Copyright (2010) Elsevier
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is, thereafter, exposed to Ar only and the temperature decreases to 400 �C. At this
temperature, another ammonia step is performed which results in a lower heat of
adsorption. This procedure is repeated at 300, 200, and 100 �C (see Fig. 12.2),
which results in lowering the heat released for each step. The results of this
stepwise ammonia adsorption experiment are used to calculate the heat of
adsorption and the corresponding ammonia coverage on the surface, which is
described in more detail in Ref. [16]. These results are shown in Fig. 12.3.

The results clearly show a linear dependence of the heat of adsorption as a
function of ammonia coverage. A linear fit of the experimental points results in:

Fig. 12.2 Stepwise ammonia adsorption experiment over Cu-Beta [16]. Reprinted with
permission from Wilken et al. [16]. Copyright (2010) Elsevier

Fig. 12.3 Heat of adsorption
versus ammonia coverage,
where the circles represents
experimental values and the
line is a linear fit [16].
Reprinted with permission
from Wilken et al. [16].
Copyright (2010) Elsevier
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Edesorption;NH3 ¼ 120:0 � ð1� 0:38 � hNH3Þ ð12:6Þ

The microcalorimetry data have been successfully used in kinetic models (not
shown here).

12.2.1 Global Kinetic Model for Ammonia Storage
and Desorption

In an earlier study, Olsson et al. [10] fitted the parameters for ammonia adsorption
and desorption to an ammonia TPD experiment conducted over Cu-ZSM-5, using
coverage dependent activation energy for ammonia desorption, occurring on one
storage site S1 according to:

NH3 þ S1$ NH3 � S1 ð12:7Þ

The results of the experiment and model are shown in Fig. 12.4. Initially, there
is a total uptake of all ammonia for about 10 min. This is followed by a break-
through of ammonia until saturation is reached. After about 80 min, the ammonia
is shut off and some weakly bound ammonia is released. Finally, the temperature is
increased and a large ammonia desorption follows. The desorption peak is broad
and contains a shoulder. Thus, there are different types of ammonia storage sites
available in the catalyst. The model (see Fig. 12.4) describes this broad feature
well by a coverage dependent heat of adsorption. It should be mentioned that S1,
which is used in the global kinetic model is the total amount of sites that can
adsorb ammonia, thus likely covering both Brönstedt acid sites as well as different
copper sites.

Fig. 12.4 Experiment (solid line) and simulation (dashed line) from an NH3 TPD experiment
over Cu-ZSM-5 catalyst [10]. Reprinted with permission from Olsson et al. [10]. Copyright
(2008) Elsevier
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12.2.2 Detailed Kinetic Model for Ammonia and Water
Storage

In addition, detailed kinetic models for ammonia adsorption and desorption [13],
NO oxidation [11], and SCR [12] over Cu-ZSM-5 was developed. The active sites
for all reactions are, in this model, the copper sites, which are denoted S1a and the
amount determined from ICP-AES. In addition, on this site, all the molecules can
adsorb (NH3, O2, NO2, H2O). However, according to electron paramagnetic res-
onance studies (EPR) [33, 34] and density functional theory calculations [17], it
has been previously suggested in the literature that copper is capable of coordi-
nating up to four ammonia molecules. This is in accordance with the mechanism
for SCR by Komatsu et al. [35], where four ammonia molecules are attached to
copper. We, therefore, used up to four ammonia molecules, bound to each copper
site [13] and practically this is done by introducing S1b, where ammonia can
adsorb. S1b is three times larger than the amount of copper sites, resulting in that
S1a ? S1b is four times larger than the Cu-sites. Further, water was also found to
adsorb in large quantities and therefore, water is adsorbed on S1b. In the surface
description also, acid sites, denoted S2, and physisorbed sites, denoted S3 are
included. In this section, the ammonia storage and desorption is described and in
the following sections details are given for the other adsorbates as well as the
reactions. The results of the detailed ammonia storage kinetic model together with
an ammonia TPD experiment conducted at room temperature, are shown in
Fig. 12.5a and the calculated mean coverages in Fig. 12.5b. The calculated cov-
erages suggest that ammonia on the Brönstedt acid sites (S2) and ammonia on S1b
(copper site, where ammonia and water adsorb) is the most strongly bound
ammonia. The strength of ammonia on the copper site responsible for the reactions
(S1a), was critical in order not to block the adsorption of oxygen and NOx species,
and thereby the activity for the different reactions. Both the global (see Fig. 12.4)
and detailed (see Fig. 12.5) kinetic models describe the experimental features well,
except for the slow storage of ammonia when the catalyst is close to saturation. It
is possible that there is a mass-transport limitation or sterical hindrance when
reaching saturation that causes this behavior. However, when examining the total
amount of ammonia stored, this discrepancy is only a small fraction. In addition, in
a real application, the catalyst will never be completely saturated since a very large
ammonia slip would then occur.

Further, a detailed model of water adsorption and desorption was developed;
the results of a water TPD experiment are shown in Fig. 12.6 [13]. Water is
released with a distinct peak at lower temperature; however, water continues to be
released up to very high temperatures. These results clearly demonstrate the
complex interactions between water and zeolite.
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Fig. 12.5 Ammonia TPD experiment at room temperature over Cu-ZSM-5. a The concentra-
tions of ammonia from the experiment and model. b The calculated mean coverages [13].
Reprinted with permission from Sjövall et al. [13]. Copyright (2009) American Chemical Society

Fig. 12.6 Water TPD
experiment over Cu-ZSM-5.
a The concentrations of water
from the experiment and
model. b The calculated
mean coverages [13].
Reprinted with permission
from Sjövall et al. [13].
Copyright (2009) American
Chemical Society
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12.3 Kinetic Models for Ammonia Oxidation Over Cu-
Zeolites

12.3.1 Global Kinetic Model for Ammonia Oxidation

At high temperature, ammonia is oxidized by oxygen, which decreases the
selectivity of the standard SCR reaction. In a kinetic model that should describe a
broad temperature interval, it is therefore crucial to have a good description of the
ammonia oxidation. Accordingly, we investigated ammonia oxidation separately
in order to decrease the correlation between the parameters. In the global kinetic
model, the following reaction was added in which ammonia stored on the surface
is oxidized to produce N2 and H2O:

2NH3 � S1 þ 3=2O2 ! N2 þ 3H2O þ 2S1 ð12:8Þ

Since no by-products like NO or N2O were observed during ammonia oxida-
tion, these reactions were excluded from the model. The results from the model
and experiment are shown in Fig. 12.7 [10]. Prior to this experiment, the catalyst
was pretreated with oxygen at high temperature in order to clean the surface from
ammonia. When introducing the gas mixture consisting of ammonia, oxygen, and
water, there was a long total uptake of ammonia attributable to the large storage
[10]. At low temperature, no ammonia oxidation is observed and ammonia
desorption is only visible when the temperature increases. However, significant
ammonia oxidation is observed from 300 �C and increases with increasing
temperature.

12.3.2 Detailed Kinetic Model for Ammonia Oxidation

Ammonia oxidation was included in the detailed model [12] (results not included).
In this model, two reaction steps were added, where ammonia on the surface was
oxidized either with oxygen alone or in a second step in a combination with
hydroxyl groups. The hydroxyls are produced according to:

H2O� S1aþ O� S1a$ 2OH� S1a ð12:9Þ

It was essential to add the reaction step, where ammonia reacts with hydroxyl
groups in the detailed model, since the coverage of hydroxyl groups was large on
the surface, but the simultaneous ammonia conversion only slightly decreased.
Without this reaction step, the ammonia oxidation rate was significantly to low in
the presence of water. For the global model described in Ref. [10], the effect of
water was not included since all experiments contained high levels of water, and
the model was therefore tuned in the presence of water.

364 L. Olsson



12.4 Kinetic Models for NOx Storage and NO Oxidation
Over Cu-Zeolites

12.4.1 Detailed Kinetic Model for NO Oxidation

NOx storage is observed over copper zeolites [11, 36]. Colombo et al. [36] examined
the NO2 storage over pre-oxidized and pre-reduced Cu-CHA, with the results shown
in Fig. 12.8. Slightly more NO is observed during the storage process for the pre-
reduced sample, but this effect will not be discussed in this chapter. Instead, we will
focus on the storage of the pre-oxidized catalyst. When the catalyst is exposed to
NO2 only, significant storage is observed (see Fig. 12.8c) and NO is simultaneously
produced (Fig. 12.8b) due to the formation of nitrates. The nitrates formed are stable
and decompose with a maximum NOx desorption of about 400 �C (see Fig. 12.8d).
We observed that NO2 is also adsorbed on the pure zeolite (H-ZSM-5) [11]. In the
detailed kinetic model, this feature was modeled separately using a reaction step:

NO2 þ S2$ NO2 þ S2 ð12:10Þ

where S2 is an acidic site in the zeolite. The parameters for this storage were later
used when modeling the NO2 storage over Cu-ZSM-5 [11] (see Eq. 12.11). In
addition, the following reaction steps were added to describe the NO oxidation:

NO2 þ S1a$ NO2 � S1a ð12:11Þ

O2 þ S1a$ O2 � S1a ð12:12Þ

O2 � S1aþ S1a$ 2O� S1a ð12:13Þ

NOþ O� S1a$ NO2 � S1a ð12:14Þ

Fig. 12.7 Ammonia oxidation over Cu-ZSM-5 using 8 % O2, 5 % H2O, and 500 ppm NH3 [10].
Reprinted with permission from Olsson et al. [10]. Copyright (2008) Elsevier
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where S1a is the active copper site. In order to simplify the detailed kinetic model
[11], an Eley-Rideal mechanism was used for NO oxidation (see Eq. 12.14). Only
minor amounts of NO were observed to adsorb on this catalyst, which is why NO
storage was not critical to the model. However, it is still possible that the actual
mechanism occurs through a Langmuir-Hinshelwood mechanism, but it is not nec-
essary to include this step in the model in order to describe the experimental features.

NO was observed when exposing the catalyst to NO2; thus, it is important to
add a reaction step whereby nitrites are oxides by NO2, to simultaneously produce
nitrates and NO (see Eq. 12.15). Experimentally, we observe that when increasing
the temperature and exposing the catalyst to Ar only, nitrates are decomposing.
However, the reverse reaction in Eq. (12.15) requires NO in the gas phase and will
not take place in pure Ar. Since this is not the case experimentally, an additional
step was added in which nitrates decompose directly. In order to make the model
thermodynamically consistent, this reaction was also reversible [11].

2NO2 � S1a$ NO3 � S1aþ NOþ S1a ð12:15Þ

NO2 � S1aþ O� S1a$ NO3 � S1aþ S1a ð12:16Þ

Fig. 12.8 NO2 TPD experiment at 200 �C over Cu-CHA. a The ratio of NO produced divided by
NO2 consumed. b NO concentration in the initial part of the adsorption. c NO2 concentration in
the initial part of the adsorption and d NOx concentration during TPD [36]. Reprinted with
permission from Colombo et al. [36]. Copyright (2012) Elsevier
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The results of the experiment (solid line) and the kinetic model (dashed line) for
the NO2 TPD at 150 �C over Cu-ZSM-5 are shown in Fig. 12.9 [11]. The model
describes the experimental features adequately. In the lower panel of Fig. 12.9, the
coverage on the surface is shown. Based on these results, it becomes evident that
nitrites are initially formed on the copper sites and are later converted to nitrates.

An interesting feature was observed involving NO oxidation at low temperature
under dry conditions over Cu-ZSM-5. This was observed in an experiment where
the catalyst was exposed to NO and oxygen only and the temperature increased in a
number of successive steps (30, 50, 100, 30, 50 and 100 �C), see Fig. 12.10 [11]. At
30 �C, substantial NO oxidation to NO2 is observed. Surprisingly, when increasing
the temperature to 50 �C, the NO2 is decreasing and when further increasing it to
100 �C, the NO oxidation almost vanishes. The behavior is reproducible as seen by
increased NO2 production when the temperature is once again lowered to 30 �C.
We suggest that the reason is that at very low temperatures, there are physisorbed
species on the surface that account for the low temperature activity. When the
temperature increases, the coverage of these species is decreasing, which is also the
case with NO oxidation. At higher temperature, the regular NO oxidation takes
place, which in the model is occurring on the copper sites. In the detailed kinetic

Fig. 12.9 NO2 TPD at 150 �C over Cu-ZSM-5 [11]. a Solid lines Experiment and dashed lines
kinetic model. b Calculated mean coverages on the surface. Reprinted with permission from
Olsson et al. [11]. Copyright (2009) Elsevier
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model, three reversible reactions were added in order to describe the low temper-
ature NO oxidation:

NO2 þ S3$ NO2 � S3 ð12:17Þ

O2 þ 2S3$ 2O� S3 ð12:18Þ

NOþ O� S3$ NO2 � S3 ð12:19Þ

where S3 denotes a site for physisorbed species.
The combination of reactions (12.10–12.19) was used in the kinetic model for

NOx storage and NO oxidation under dry conditions over a large temperature
interval, with the results shown in Fig. 12.11. The model accurately describes the
NO oxidation, both at low and high temperature [11]. At high temperatures, the
NO oxidation activity drops because of thermodynamic restrictions. The lower
panel in Fig. 12.11 shows the mean coverages on the surface; it becomes clear that
the S3 site is only active at low temperature because at higher temperatures, the
coverage on this site is very low. In addition, due to the decomposition of nitrates,
NOx is desorbing from the surface when the temperature between steps increases.

NO oxidation in the presence of water is simulated using a detailed kinetic
model [12], where NO oxidation on Cu-ZSM-5 [11], the above described water
adsorption [13] and OH formation [12] are used together (Fig. 12.12). The model
describes the significantly lower NO oxidation observed in the experiment due to
the blocking of OH groups on the active copper site (S1a) seen in the coverages in
the lower panel of Fig. 12.12 [12]. In addition, water blocks the NO2 storage and,
therefore, only very small amounts of NOx are desorbing when the temperature
between steps increases. It should be mentioned that during NO oxidation, both
NO and NO2 are simultaneously present. The NO will destabilize the nitrates and
thereby, less NOx is stored.

Fig. 12.10 NO oxidation experiment over Cu-ZSM-5 using 500 ppm NO and 8 % O2 and
changing the temperature stepwise (30, 50, 100, 30, 50 and 100 �C) [11]. Reprinted with
permission from Olsson et al. [11]. Copyright (2009) Elsevier
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12.4.2 Global Kinetic Model for NO Oxidation

Metkar et al. [9] developed a global kinetic model from a derivation of detailed
reaction steps. They used reactions described in (12.11–12.14 [11]) and combined
two reactions (see Eqs. 12.15–12.16 [11]). They received the best results when
assuming the Eley-Rideal step, during the NO oxidation (Eq. 12.14) as rate
determining. The resulting rate expression was:

RNOoxi
¼ kf 3

ffiffiffiffiffiffiffiffiffi
k1k2
p

1þ K1XO2;s þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1K2XO2;s

p
þ K4XNO2;s þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K50K

3
4 X3

NO2 ;s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1K2XO2 ;s

p
XNO;S

r

XNO;S

ffiffiffiffiffiffiffiffiffiffi
XO2;s

p
� XNO2;s

Keq

� � ð12:20Þ

The results from this global NO oxidation model is shown in Fig. 12.13 [9]. In
this figure, results from both Fe-ZSM-5 (solid lines) and Cu-CHA are shown
(dashed lines). The markers show the experimental points. The model accurately

Fig. 12.11 NO oxidation experiment (500 ppm NO and 8 % O2) and increasing the temperature
stepwise over Cu-ZSM-5 [11]. a Solid lines Experiment and dashed lines kinetic model.
b Calculated mean coverages on the surface. Reprinted with permission from Olsson et al. [11].
Copyright (2009) Elsevier

12 Kinetic Modeling of Ammonia SCR 369



Fig. 12.12 NO oxidation experiment in the presence of water (500 ppm NO, 8 % O2 and 5 %
H2O) and increasing the temperature stepwise over Cu-ZSM-5 [12]. a Solid lines Experiment and
dashed lines kinetic model. b Calculated mean coverages on the surface. Reprinted with
permission from Sjövall et al. [12]. Copyright (2009) Elsevier

Fig. 12.13 NO oxidation in
dry conditions
(250–1000 ppm NO and 5 %
O2) over Fe-ZSM-5 (solid
lines) and Cu-CHA (dashed
lines). Symbols Experimental
data, continuous lines model
[9]. Reprinted with
permission from Metkar et al.
[9]. Copyright (2012)
Elsevier
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describes the experimental observations for various NO concentrations over the
whole temperature interval. In the work by Olsson et al. [10] a kinetic model for
NO oxidation is also included.

12.5 Kinetic Models for SCR Reactions Over Cu-Zeolites

12.5.1 Global Kinetic Models for SCR Over Cu-Zeolites

We developed a global kinetic model for ammonia SCR over Cu-ZSM-5 [10],
consisting of seven reaction steps:

NH3 þ S1$ NH3 � S1 ð12:21Þ

2NH3 � S1þ 3
2

O2 ! N2 þ 3H2Oþ 2S1 ð12:22Þ

NOþ 1
2

O2 $ NO2 ð12:23Þ

4NH3 � S1þ 4NOþ O2 ! 4N2 þ 6H2Oþ 4S1 ð12:24Þ

2NH3 � S1þ NO þ NO2 ! 2N2 þ 3H2Oþ 2S1 ð12:25Þ

4NH3 � S1þ 3NO2 ! 3:5N2 þ 6H2Oþ 4S1 ð12:26Þ

2NH3 � S1þ 2NO2 ! N2 þ N2Oþ 3H2Oþ 2S1 ð12:27Þ

The first step is ammonia adsorption/desorption and this step was tuned to an
ammonia TPD experiment described in an earlier section (Eq. 12.21, see Fig. 12.4).
The second step is ammonia oxidation (Eq. 12.22) and the third step NO oxidation
(Eq. 12.23). The parameters for these three steps were determined by separate
experiments. In Eq. (12.24), the reaction for standard SCR is described and in
Eq. (12.25), the rapid SCR with equimolar amounts of NO and NO2 is covered.
NH3 also reacts with NO2 alone, which is described in Eq. (12.26). The final step
(see Eq. 12.27) is N2O production from a reaction between adsorbed ammonia and
NO2. The results from exposing the Cu-ZSM-5 catalyst to 500 ppm NO, 500 ppm
NH3, 8 % O2 and 5 % H2O, while increasing the temperature stepwise are shown in
Fig. 12.14 [10]. Initially, there is a total uptake of ammonia for an extended time
period, but due to minor NO storage, NO breaks through immediately. The tem-
perature is then increased to about 150 �C, while loosely bound ammonia is
released. At this temperature, the standard SCR reaction is active and equimolar
consumption of NO and NH3 is seen. At 200 �C, the conversion of NOx is close to
100 %. At high temperature, the NOx conversion again decreases due to the
ammonia oxidation. Also, some NO2 is produced, since the back part of the catalyst
is not exposed to ammonia, NO oxidation may occur. The global model described
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was developed based on a series of experiments with a variety of gas compositions
and over a broad temperature range [10]. In Fig. 12.15, results from an experiment
and corresponding model are illustrated while changing the NO2 to NOx ratio from
0 % up to 60 %, with an inlet gas temperature of 175 �C. Prior to this experiment,
the catalyst was pretreated with oxygen at high temperature in order to clean the
surface from ammonia. The Cu-ZSM-5 catalyst is exposed to the gas mixture
(500 ppm NO, 500 ppm NH3, 500 ppm O2, and 5 % H2O) from the inception of the
experiment. During the first 20 min, no ammonia is detected because the storage of
substantial amounts of ammonia on the surface, in combination with that ammonia
is consumed in the SCR reaction. The NO concentration is decreasing from over

Fig. 12.14 NO, NO2, NH3 and N2O concentration from experiment (solid line) and model
(dashed line) after exposing the Cu-ZSM-5 catalyst to 500 ppm NO, 500 ppm NH3, 8 % O2 and
5 % H2O and stepwise increasing the temperature [10]. Reprinted with permission from Olsson
et al. [10]. Copyright (2008) Elsevier

Fig. 12.15 NO, NO2, NH3 and N2O concentration from experiment (solid line) and model
(dashed line) after exposing the Cu-ZSM-5 catalyst to 500 ppm NOx, 500 ppm NH3, 8 % O2 and
5 % H2O and stepwise increasing the NO2 content [10]. Reprinted with permission from Olsson
et al. [10]. Copyright (2008) Elsevier
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400 ppm down to approx. 100 ppm. The reason for this decrease, which is also
accurately described in the model, is that the SCR rate depends on the coverage of
ammonia on the surface. The ammonia coverage is increasing over time, which
results in an increased SCR reaction rate and, thereby, higher NO conversion.
Further, when increasing the NO2 content, the activity for NOx reduction increases
and reaches a maximum at 50–60 % of the NO2 to NOx ratio. At higher NO2 levels,
the activity over Cu-zeolites [8] again decreases. In addition, the N2O concentration
is increasing with increasing NO2 fraction, which is explained by the last reaction
(Eq. 12.27).

In kinetic model development, it is crucial to validate the model with experi-
ments not included during the development of the model. The results in Fig. 12.16
illustrate a validation experiment [10]. In this experiment, the catalyst is initially
exposed to 500 ppm NO, 500 ppm NH3, 8 % O2, and 5 % H2O and when a steady
state is reached, the concentration of NO and thereafter ammonia is altered in short
steps. Interestingly, when the NO concentration changes, the NO outlet also
rapidly changes, but when performing the corresponding change in ammonia
concentration, the NO level remains practically constant due to the large buffering
of ammonia on the surface. The ammonia coverage is similar during the 2 min
time, when the ammonia level is changed because the ammonia storage on the
catalyst is excessive. Since the SCR rate depends on the coverage of ammonia on
the surface as opposed to the gas phase, this results in the same SCR rate, which is
why the NO conversion is practically the same.

Nova et al. [37] presented a global kinetic model for ammonia SCR over a
Cu-zeolite catalyst. They used the same seven reactions as presented above
(Eqs. 12.21–12.27). In addition, they added two more reactions. In the first reac-
tion (Eq. 12.28), N2O is formed from a reaction between ammonia on the surface
(denoted NH3

*) and NO and in the second reaction, ammonium nitrate is formed

Fig. 12.16 NO, NO2, NH3, and N2O concentration from a validation experiment (solid line) and
model (dashed line) after exposing the Cu-ZSM-5 catalyst to 500 ppm NOx, 500 ppm NH3, 8 %
O2, and 5 % H2O and thereafter changing NO and NH3 concentrations in short steps [10].
Reprinted with permission from Olsson et al. [10]. Copyright (2008) Elsevier
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during a reaction with ammonia on the surface and NO2 in the gas phase
(Eq. 12.29).

4NH�3 þ 4NO þ 3O2 ! 4N2Oþ 6H2O ð12:28Þ

2NH�3 þ 2NO2 ! NH4NO3 þ N2 þ H2O ð12:29Þ

The results from this model are shown in Fig. 12.17, where a transient exper-
iment is conducted at 200 �C. The ammonia concentration drops fast, while the
NO concentration slowly increases, when turning off ammonia during step three.
The reason is that there are large amounts of ammonia adsorbed on the surface,
which is why the SCR reaction can continue for a substantial amount of time until
the ammonia coverage is zero. The model can describe the experimental findings
well [37]. The model presented by Nova et al. [37] was also used to simulate
experiments during which the NO2 to NOx ratio varied. The results from these
experiments and the corresponding model are shown in Fig. 12.18 [37], where Fig.
12.18a shows the NOx conversion, Fig. 12.18b the NH3 conversion, and Fig.
12.18c the N2O formation. The NOx conversion is at a maximum for the NO2 to
NOx ratio of 66 % and decreases when the NO2 level further increases because the
slower NO2 SCR reaction dominates. The N2O production shows a maximum at
lower temperatures, likely due to that ammonium nitrate is an intermediate for
N2O production and ammonium nitrates decompose at high temperatures.

Pant and Schmieg [7] used the model developed by Olsson et al. [10] (see
Eqs. 12.21–12.27) with one exception. Instead of ammonia oxidation to N2, as
described in Eq. (12.22), ammonia oxidation to NO was used:

2NH3 þ
5
2

O2 ! 2NO þ 3H2O ð12:30Þ

One of the reasons was that they observed NO formation over their catalyst at
high temperatures. Pant and Schmieg [7] investigated the influence of changing the

Fig. 12.17 Transient SCR
experiment at 200 �C over Cu
zeolite. In this experiment,
the catalyst is exposed to (1)
500 ppm NO, 8 % O2, 5 %
H2O (2) 500 ppm NO,
500 ppm NH3, 8 % O2, 5 %
H2O, and (3) 500 ppm NO,
8 % O2, 5 % H2O [37].
Reprinted with permission
from Nova et al. [37].
Copyright (2011) American
Chemical Society
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space velocity (the gas composition was also varied), with the results presented in
Fig. 12.19. In these experiments, real diesel exhaust and urea injection have been
used.

Baik et al. [38] simulated urea SCR and included the following equations for
the concentration of urea, HNCO, NO, and NH3:

dCUrea

ds
¼ �k3CUrea ð12:31Þ

dCHNCO

ds
¼ k3CUrea � k4CHNCOCH2O ð12:32Þ

�dCNO

ds
¼ K1CNOCNH3

1þ KNOCNOð Þ 1þ KNH3 CNH3ð Þ ð12:33Þ

� dCNH3

ds
¼ K1CNOCNH3

1þ KNOCNOð Þ 1þ KNH3 CNH3ð Þ þ
k2CNH3

1þ KNH3 CNH3ð Þ ð12:34Þ

Fig. 12.18 Experiment (markers) and kinetic model (solid lines), when exposing a Cu-zeolite to
500 ppm NOx, 500 ppm NH3, 8 % O2 and 5 % H2O and varying the NO2 content [37]. Reprinted
with permission from Nova et al. [37]. Copyright (2011) American Chemical Society
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The results from this model, when varying the space velocity, are shown in
Fig. 12.20 [38]. In these experiments, urea was used as an ammonia source and the
thermal decomposition of urea was conducted at 350 �C in order to completely
decompose urea into ammonia and HNCO [39].

Watling et al. [40] used a kinetic model for simulating the New European Drive
Cycle (NEDC) test over a Cu-zeolite coated filter. The reactions used to describe
the SCR system are shown in Eqs. (12.21–12.27) in addition to the following two
reactions:

4NH3ðadsÞ þ 5O2 ! 4NO þ 6H2O ð12:35Þ

2NH3ðadsÞ þ 3NO2 ! 3NO þ N2 þ 3H2O ð12:36Þ

In the first reaction (Eq. 12.35), ammonia is oxidized to NO, a step that was
also used by Pant and Schmieg [7]. In the second reaction, NO2 is reduced to NO
by reacting with ammonia. The model is used to describe the cumulative NOx

during an NEDC test and the results from the test and model are shown in
Fig. 12.21. The model accurately describes the cumulative NOx.

12.5.2 Detailed Kinetic Models for SCR Over Cu-Zeolites

A detailed kinetic model was developed [11–13] and constructed out of several
submodels previously described in this chapter. The different sites used in the
model is discussed in Sect. 12.2.2. The submodels include: (i) ammonia adsorp-
tion/desorption, (ii) water adsorption/desorption, (iii) ammonia oxidation, (iv) NO2

storage, and (v) NO oxidation. The results of these studies were used in developing

Fig. 12.19 Ammonia slip and deNOx activity versus exhaust temperature for a Cu-zeolite. The
NH3/NOx ratio was 1.3. The NOx concentration and space velocity is shown in the panels [7]. The
symbols represent the experimental points and the solid lines the model. Reprinted with
permission from Pant and Schmieg [7]. Copyright (2011) American Chemical Society
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the SCR steps. In the first SCR reaction, formed nitrites react with adsorbed
ammonia according to:

NO2 � S1aþ NH3 � S1b! H2O� S1bþ OH� S1aþ N2 ð12:37Þ

Fig. 12.20 Urea SCR over Cu-ZSM-5, when varying space velocity [38]. Reprinted with
permission from Baik et al. [38]. Copyright (2006) American Chemical Society

Fig. 12.21 Measured and
simulated cumulative NOx

using a Cu-zeolite coated
DPF (denoted Cu-SCRF�) in
an NEDC test [40]. Reprinted
with permission from
Watling et al. [40]. Copyright
(2012) Elsevier
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In the presence of water, it is likely that HNO3 is formed on the surface, which
have been suggested for SCR over vanadia catalysts [41]. We have, therefore,
added a reaction step to form HNO3 (Eq. 12.38).

NO2 � S1aþ OH� S1a$ HNO3 � S1aþ S1a ð12:38Þ

HNO3 can then react with ammonia on the surface to produce ammonium
nitrate, which can decompose to produce N2O. In order to simplify the model,
these two steps in the model are described as one step:

HNO3 � S1aþ NH3 � S1b! H2O� S1aþ H2O� S1bþ N2O ð12:39Þ

Further, it is suggested that HNO2 is formed over vanadia, and then produces
ammonium nitrite, which rapidly decomposes to produce water and N2 [41]. This
mechanism was also used to derive the last step in the detailed model (Eq. 12.40)
[12]:

ð12:40Þ

The model was developed through a large set of experiments, during which gas
composition and temperature varied [12], and below are two illustrated examples.
In the first experiment, the Cu-ZSM-5 catalyst was exposed to 500 ppm NO, 8 %
O2, and the ammonia concentration varied from 200 to 800 ppm in steps to
175 �C. The results of the experiment and model are shown in Fig. 12.22, in which
the top panel shows the concentrations and the lower panel shows the calculated
mean coverage on the surface. The results of the coverages from the model show
that on the S1a (active copper site), the dominant species at lower ammonia
concentrations is nitrites (NO2-S1a), but some nitrates are also present. At higher
ammonia concentrations, the nitrite coverage decreases simultaneously as the
ammonia coverage increases. This experiment was repeated with 5 % water
present and a 50 % NO2 to NOx ratio. The results are shown in Fig. 12.23. The
NO2 content, in combination with high water levels, results in larger HNO3

coverage on the active copper sites (see reaction in Eq. 12.38), which gives a
higher rate of N2O production (see Eq. 12.39), and is visible by the higher N2O
concentration in the experiment, as well as in the model.

Grossale et al. [8] present a detailed kinetic model for ammonia SCR over Fe
and Cu-zeolites, where the NO2 reactions are described by the following steps:

2NO2 þ H2O$ HNO3 þ HONO ð12:41Þ

HONOþ NH3 ! ½NH4NO2� ! N2 þ 2H2O ð12:42Þ
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HNO3 þ NH3 $ NH4NO3 ð12:43Þ

HNO3 þ NO$ HONOþ NO2 ð12:44Þ

NH4NO3 ! N2Oþ 2H2O ð12:45Þ

3HNO3 þ 5NH3 ! 4N2 þ 9H2O ð12:46Þ

2HNO3 ! 2NO2 þ H2Oþ 1
2

O2 ð12:47Þ

These reactions are used together with reactions, e.g., for standard SCR,
ammonia spillover [8] and the results from the model to describe NO2/NOx

variations for Cu-zeolite, as shown in Fig. 12.24. The model accurately describes
the NO2/NOx dependence across a broad temperature interval.

Fig. 12.22 Experiment (dotted lines) and model (solid lines), from a test where a Cu-ZSM-5
catalyst was exposed to 500 ppm NO, 8 % O2, and varying the ammonia concentration from 200
to 800 ppm in steps at 175 �C. The lower panel shows the mean calculated coverages on the
surface [12]. Reprinted with permission from Sjövall et al. [12]. Copyright (2009) Elsevier
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Fig. 12.23 Experiment (dotted lines) and model (solid lines), from a test where a Cu-ZSM-5
catalyst was exposed to 250 ppm NO, 250 ppm NO2, 8 % O2, 5 % H2O and varying the ammonia
concentration from 200 to 800 ppm in steps at 175 �C. The lower panel shows the calculated
mean coverages on the surface [12]. Reprinted with permission from Sjövall et al. [12]. Copyright
(2009) Elsevier

Fig. 12.24 SCR experiments
when varying NO2 to NOx

ratio over a Cu-zeolite at
different temperatures. The
inlet feed gas consists of
500 ppm NOx, 500 ppm NH3,
3 % H2O and 2 % O2. Solid
lines (kinetic model) and
symbols (experiment) [8].
Reprinted with permission
from Grossale et al. [8].
Copyright (2009) Springer
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12.6 Conclusions

This chapter is a review of the state of the art in kinetic modeling of ammonia/urea
SCR over copper containing zeolites. Both fundamental detailed kinetic models as
well as more globalized models are discussed. Several submodels are studied for
the SCR system: (i) ammonia adsorption and desorption, (ii) NO2 adsorption and
desorption, (iii) water adsorption and desorption, (iv) ammonia oxidation, (v) NO
oxidation, (vi) standard SCR, (vii) rapid SCR, (viii) slow NO2 SCR, (ix) N2O
formation, and (x) urea decomposition and hydrolysis to produce ammonia. As can
be seen from this large number of steps, this is a complex system.

A good description of the ammonia storage and desorption is critical in order to
describe transient features of the SCR system, and usually a Temkin type of kinetics
is used that considers the adsorbate–adsorbate interactions. The parameters for
these reactions are usually fitted to TPD experiments, but also microcalorimetry
studies are presented. The most common approach is to consider one ammonia
adsorption site, but more detailed kinetic models use several adsorption sites.
Ammonia oxidation is a reaction occurring at high temperatures, which unfortu-
nately decreases the selectivity of the NOx reduction in SCR. It is therefore crucial
to include this reaction in kinetic models for this system.

Different SCR reaction occurs depending on the NO2 to NOx ratio, where
standard SCR occurs with NO only, rapid SCR with equimolar amount of NO and
NO2, and slow NO2 SCR with NO2 only. In several global kinetic models, these
three reactions are added. In more detailed models, more surface species are
considered, for example, nitrites, nitrates, HNO3, oxygen, and hydroxyls. N2O is
an unwanted by-product during the SCR process over copper zeolites that are
increasing with the NO2 content. The mechanism for the N2O production is sug-
gested to be from decomposition of ammonium nitrate. In addition, there are
models available that incorporate the urea decomposition and hydrolysis, in
addition to the SCR reactions.
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Part V
Modeling and Control



Chapter 13
SCR Reactor Models for Flow-Through
and Wall-Flow Converters

Dimitrios Karamitros and Grigorios Koltsakis

13.1 Introduction

The stringent emissions legislation along with the multiplicity of aftertreatment
options and designs has increased the interest to develop and apply mathematical
models of catalytic devices in order to optimize their efficiency and control. Over
the last years, the use of simulation tools in the development process has been
recognized as a cost- and time-efficient strategy.

SCR devices are basically ‘‘flow through’’ reactor devices, consisting of a
multitude of parallel channels, sometimes referred to as honeycomb structures.
Most of the content of this chapter will deal with such type of reactor design.
Recently, there is an increasing interest to combine the SCR coating with a wall-
flow particulate filter. Such systems may become commercial soon and present a
high scientific and technological importance. Therefore, part of this work will be
dedicated to wall-flow reactors with SCR coating.

These devices are inherently three-dimensional, since the catalyst channels may
have different inlet conditions, wall temperature, and conversion rates. Ideally, a
3D simulation involving the flow entering the monolith would be necessary with
the proper upstream exhaust configuration and ambient heat transfer characteris-
tics. This requires a significant amount of computational effort in order to model
the complete system, therefore, simplified single-channel approaches have been
proposed as more practical alternatives.

As with all types of reactor models, the main difficulty lies in the availability of
detailed and accurate kinetic mechanisms. The chemical reactions within an
aftertreatment device are a function of the catalyst formulation, washcoat material
and its aging status, resulting in a large number of kinetic parameters. As a result,
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global, rather than elementary kinetic mechanisms are used which are approximate
in nature and require moderate calibration efforts [1].

One-dimensional catalyst modeling for exhaust aftertreatment has been
proposed since the late 1960s with Vardi’s and Biller’s work [2]. Their work was
very similar to pipe wall models examining only the effects of heat transfer on the
warm-up of a catalyst. A few years later, Kuo et al. [3] simulated a catalytic
converter using a series of completely mixed reactors. In this work, they expanded
the model to include exothermic/endothermic reactions on the surface as well as
the propagation of chemical species throughout the device. At these times, the
interest was basically in gasoline aftertreatment using oxidation and three-way
catalysis. Harned [4] later revised the reactor model to better represent the flow-
through a monolithic device while also adding a ‘‘film’’ model representing species
on the surface of the catalyst. Oh and Cavendish [5] examined the kinetic
expressions in more detail. These classical models have been in widespread use
and proven their effectiveness in designing catalyst systems for lower emission
levels, even though they employ simplified formulations for the fluid flow through
the device. Later works have mainly addressed improved reaction schemes to
address transient phenomena [6], extensions for diesel oxidation catalysts and SCR
applications [7–11] as well as multidimensional extensions [12, 13].

In this work, we will initially present the fundamentals of flow-through catalyst
modeling focusing on the commonly used expressions for heat, mass transfer, and
heterogeneous reaction modeling in the channels of monolithic reactors. An
extensive review of the different reaction models applicable to the known SCR
technologies are outside the scope of this work; therefore, we confine our scope to
an indicative set of a global reaction scheme. The importance of washcoat
(internal) diffusion modeling is discussed in a separate section, since this specific
topic is still one of the most debatable issues in SCR modeling. Next, we discuss
the issue of model parameter calibration and how SCR kinetic models developed
in small-scale reactors are applicable in real-world full-scale applications. A
separate section is devoted to modeling of SCR coated wall-flow filters, which are
considered as promising design alternatives and present interesting interactions
with soot filtration and oxidation processes. Since modern exhaust systems are
frequently based on more than one aftertreatment devices, modeling of the
complete exhaust system is of particular interest. Therefore, we devote a section
on the modeling of combined SCR with other catalytic functionalities, including
in-series positioning and multilayered catalyst technologies.

13.2 Fundamentals of Flow-Through Catalyst Modeling

Most literature models apply similar simplifying assumptions to model the flow,
thermophysical, and chemical phenomena in the catalyst channels:
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• Uniform flow, temperature, and concentrations distribution at the entrance of
all channels.

• Negligible heat losses to ambient.

The above two assumptions justify the use of the single-channel (1D) approach
(Fig. 13.1).

The mathematical model should consider the five main steps involved in the
conversion of species in a catalytic converter, namely [14]:

1. External mass transfer of the reactants from the channel flow to the channel
surface.

2. Internal mass transfer of the reactants through the washcoat.
3. Conversion of reactants to products on the catalytic sites.
4. Internal mass transfer of the products through the washcoat.
5. External mass transfer of the products from the channel surface to the

channel flow.

To simplify the problem, the following assumptions are commonly used:

• Quasi-steady-state approach: The transient terms in the gas phase are con-
sidered to be negligible compared to the convective terms.

• The flow in the channels is considered laminar with Ma \ 0.3. This is true
for the full practical range of real-world operating conditions.

• Ideal gas behavior and constant pressure (negligible pressure drop).
• Dilute mixture (low concentration of key reactants) in order to approximate

diffusion processes by Fick’s law.
• Negligible axial diffusion of energy and species for the gas phase.

In the following sections, the basic governing equations of the catalyst model
will be outlined.

13.2.1 Balance Equations

The calculation of the temperature and species concentrations in the channel is
based on the solution of the quasi-steady equations for the gas phase heat and mass
transfer. In order to avoid the solution of the complete boundary layer, the
so-called film-approach is used which is based on the use of local heat transfer
coefficients.

Fig. 13.1 Schematic of a 1D
channel
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qgCp;gvg

oTg

oz
¼ �h � SF

e

ffi �
� Tg � Ts

� �
ð13:1Þ

where q is the density [kg/m3], Cp the specific heat capacity [J/kgK], v the velocity
[m/s], T the temperature [K], h the heat transfer coefficient [W/m2K], SF the
monolith specific surface area [m2/m3], and e the macroscopic void fraction [–].
Subscripts g and s denote the exhaust gas and the solid substrate, respectively.

Similarly to the heat transfer equation, a ‘‘film’’ approach is also used to
account for the gas phase mass transfer resistance.

o vgyg; j

� �
oz

¼ �kj �
SF

e

ffi �
� yg; j � ys; j

� �
ð13:2Þ

where yj is the molar fraction of species j [–] and kj the mass transfer coefficient of
species j [m/s].

The heat and mass transfer coefficients are calculated based on the following
definitions:

h ¼ Nu � kg

dh

; kj ¼
Sh � Dmol; j

dh

ð13:3Þ

where kg the thermal conductivity [W/(m � K)], Dmol,j the molecular diffusion [m2/
s], and dh the hydraulic diameter [m].

The semi-empirical global transport correlation proposed by Hawthorn [15] is
the most commonly used for the definition of local Nusselt and Sherwood num-
bers, applicable to laminar flows in square ducts:

Nu ¼ 2:976 1þ 0:095 � Re � Pr � dh

z

ffi �0:45

ð13:4Þ

Sh ¼ 2:976 1þ 0:095 � Re � Sc � dh

z

ffi �0:45

ð13:5Þ

where Pr is the local Prandtl number and Sc is the local Schmidt number. A more
detailed review of various empirical and theoretical correlations for various
channel shapes is given by West et al. [16] and Ramanathan et al. [17].

In many cases, the influence of internal diffusion is considered negligible and the
modeling steps 2 and 4 are lumped into the reaction rate of step 3. The surface
reaction model approximates the washcoat with a solid–gas interface where it is
assumed that all reactions take place. In this case, there is no concentration gradient
in the washcoat and therefore only one surface species concentration is defined.

The total reaction rate on the surface for each species (including storage reac-
tions) is equal to the local external species mass transfer to/from the exhaust gas:

qg

Mg

kj
SF

e

ffi �
yg; j � ys; j

� �
¼ Rj ð13:6Þ
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Mg is the gas molecular weight [kg/mol]. The surface reaction rates for each
species Rj [mol/m3s] are calculated based on the specific reaction scheme and are
functions of local surface concentrations, coverages, and temperature. The major
reactions that describe the NOx–NH3 reacting system and their respective rate
expressions will be given in Sect. 13.3.2.

The 1D transient energy balance of the solid phase is described by the heat
conduction equation:

qsCp;s
oTs

ot
¼ ks

o2Ts

oz2
þ S ð13:7Þ

The source term S includes the contribution of convective heat transfer Hconv of
the gas flow in channels and of the heat released or adsorbed Hreact by chemical
reactions and adsorption.

S ¼ Hconv þ Hreact ð13:8Þ

Convection of heat due to flow in channel

Hconv ¼ h
SF

1� e

ffi �
Tg � Ts

� �
ð13:9Þ

Reaction heat release

Hreact ¼
1

1� e

Xnk

k¼1

DHkRk ð13:10Þ

where DH is the reaction heat [J/mol] and Rk the reaction rate [mol/m3s]. Subscript
k denotes the reaction index.

The above equations describe the basic 1D catalyst model. The extension of
this model to 1D ? 1D with diffusion in the catalytic layer is discussed in the
following section.

13.2.2 Washcoat Internal Diffusion Modeling

In many SCR applications, the thickness and effective diffusivity of the active
layer may not allow the simplifying assumption of negligible internal diffusion
resistance. In these cases, a more detailed approach which models mass transfer
both in the gas phase and in the washcoat/active volume pores is needed.

The schematic and the basic geometric properties of the monolith channel
cross-section are presented in Fig. 13.2 for the cases of a coated and of an extruded
monolith.

The convective mass transfer from the bulk gas to the washcoat/wall surface is
now written as:
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o vgyg; j

� �
oz

¼ kj
SF

e

ffi �
ys; j

��
w¼�wc

�yg; j

� �
ð13:11Þ

where wc is the washcoat layer thickness [m].
Following the quasi-steady assumption, the transient accumulation terms are

neglected and the species balance inside the catalytic layer is formulated as:

�Dw; j
o2ys; j

ow2
¼
X

k

nj;kRk ð13:12Þ

where Dw,j is the effective diffusivity of species j in the washcoat pores [m2/s] and
nj,k the stoichiometric coefficient of species j in the reaction k.

In the catalytic washcoat layer, w = 0 corresponds to the wall boundary while
w = -wc to the external surface of the washcoat. The boundary conditions for the
washcoat layer are:

Dw; j
oys; j

ow

����
w¼�wc

¼ kj yg; j � ys; j

��
w¼�wc

� �
ð13:13Þ

oys; j

ow

����
w¼0

¼ 0 ð13:14Þ

Different theoretical models have been proposed to estimate the effective dif-
fusivity Dw,j. The most commonly used approximations are the mean transport
pore model [18] and the random pore model [19].

The mean transport pore model uses the expression:

1
Dw; j

¼ s
epore

1
Dmol; j

þ 1
Dknud; j

ffi �
ð13:15Þ

with the Knudsen diffusivity:

Fig. 13.2 Basic geometric properties of the monolith channel (a) coated (b) extruded catalyst
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Dknud; j ¼
dpore

3

ffiffiffiffiffiffiffiffiffi
8RT

pMj

s
ð13:16Þ

where Dmol,j and Mj are the molecular diffusivity [m2/s] and the molecular mass
[kg/mol] of species j, respectively. The values of the porosity epore �½ � and mean
pore size dpore m½ � are based on the microstructural properties of the washcoat while
tortuosity s �½ � is an empirical parameter.

It should be mentioned that the mean transport pore model is probably not the
best option for SCR catalyst layers, as it assumes a uniform pore size distribution.
The actual pore size distribution of the SCR layers is highly bimodal with two
distinct maxima: micropores and mesopores. The random pore model considers a
bi-dispersive washcoat material with two characteristic pore sizes with their
respective mean pore sizes and void fractions. The total diffusivity is calculated as
a combination of the respective Knudsen diffusivities:

Dw; j ¼ e2
mesoDmeso

knud; j þ e2
microDmicro

knud; j þ
4 emicro � e2

meso

� �
1

Dmeso
knud; j
þ 1�emesoð Þ=emicroð Þ2

Dmicro
Knud; j

ð13:17Þ

A novel method for the study of diffusion through catalytic layers has been
recently proposed by Novak et al. [20]. The authors predicted the effective
diffusivity by employing a detailed pore scale model. This model is based on the
digital reconstruction of the porous layers as 3D matrices using the information
from cross-section electron microscopy and particle size analysis.

13.2.3 Multidimensional Model Extension

If the nonuniformities in the temperature and species concentrations among the
catalyst channels need to be considered, a 2D or 3D modeling approach is
required. In this case, the transient energy balance equation of the monolith should
be extended to two or three dimensions. The heat conduction equation of the solid
phase is formulated in polar coordinates for 2D simulations (13.18) and in
Cartesian coordinates for 3D simulations (13.19).

qsCp;s
oTs

ot
¼ ks;z

o2Ts

oz2
þ ks;z

1
r

o

or
r
oTs

or

ffi �
þ S ð13:18Þ

qsCp;s
oTs

ot
¼ ks;x

o2Ts

ox2
þ ks;y

o2Ts

oy2
þ ks;z

o2Ts

oz2
þ S ð13:19Þ

The other catalyst equations are the same, as described above for the 1D model.
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13.3 Reaction Modeling

13.3.1 Adsorption Model

The adsorption and desorption of NH3 from the catalyst surface is one of the major
processes involved in the SCR chemistry [21, 22]. The accurate description of this
process over a wide temperature range is the basis for the successful modeling of
the SCR catalytic behavior, especially during transient operation [23].

NH3 $ NH�3 ð13:20Þ

13.3.1.1 The Single-Site Approach

A simple approach to capture the ammonia adsorption/desorption kinetics is the
single-site approach, where NH3 is assumed to adsorb on a global single-surface
site. A nonactivated ammonia adsorption process is considered while a Temkin-
type coverage dependence of the activation energy is assumed for the desorption
process [24]. The reaction rate expression of adsorption is given in Eq. (3.21):

Rads ¼ kadscNH3 1� hNH3ð Þ ð13:21Þ

where cNH3 is the gas concentration of NH3 [mol/m3], hNH3 is the NH3 coverage,
and kads is the adsorption rate constant [1/s].

The reaction rate and the Temkin-type rate constant for the desorption process
are given in Eqs. (13.22) and (13.23), respectively:

Rdes ¼ kdeshNH3 ð13:22Þ

kdes ¼ k0
des � e

�Edes 1�c�hð Þ
RT

� �
ð13:23Þ

where c describes the dependence from the surface coverage of the activation
energy Edes.

13.3.1.2 The Dual-Site Approach

At least two families of acid sites for ammonia adsorption are present on zeolites
surfaces, namely: (i) Brønsted acid sites, where ammonia is strongly bonded, and
(ii) Lewis acid sites, where ammonia is weakly adsorbed, especially in the pres-
ence of water [25, 26]. Furthermore, the presence of physisorbed ammonia cannot
be ruled out, especially at low temperatures.
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A dual-site model for the storage and the release of NH3 over a Fe–zeolite
catalyst has been proposed by Colombo et al. [23]. The acid sites where ammonia
is either weakly adsorbed or physisorbed are denoted as ‘‘Site-1’’ while the strong
adsorption sites are denoted as ‘‘Site-2.’’ The following rate expressions describe
the rates of ammonia adsorption/desorption for each site:

Rads�Site�1 ¼ kads�Site�1cNH3 1� hNH3�Site�1ð Þ ð13:24Þ

Rdes�Site�1 ¼ k0
des�Site�1 � e

�
E0

des�Site�1
RT 1�cSite�1�hNH3�Site�1ð Þ

h i
� hNH3�Site�1 ð13:25Þ

Rads�Site�2 ¼ kads�Site�2cNH3 1� hNH3�Site�2ð Þ ð13:26Þ

Rdes�Site�2 ¼ k0
des�Site�2 � e

�
E

des�Site�2
RT

� �
� hNH3�Site�2 ð13:27Þ

Nonactivated ammonia adsorption is assumed on both sites (Rads–Site–1 and
Rads–Site–2) while different rate expressions are used to describe NH3 desorption.
Since ‘‘Site-1’’ includes different types of Lewis acid sites and also ammonia
physisorbed on the catalyst surface, Temkin-type coverage dependent adsorption is
adopted in order to take such a site heterogeneity (Rdes–Site–1) into account. On the
contrary, the nature of Brønsted acid sites is well defined for zeolites, being indeed
associated with the so-called ‘‘bridging hydroxyls,’’ thus it is reasonable to assume
that these sites are homogeneous in terms of ammonia adsorption strength. Based
on this assumption, simple Arrhenius kinetics are adopted for the NH3 desorption
process from ‘‘Site-2.’’

13.3.1.3 Multisite Approach

The multisite approach was previously described by Sjövall et al. [27] and
investigated by Skarlis et al. [22]. The proposed model describes the storage of
NH3 on a Cu–zeolite by including four different surface sites: (i) a metal site where
a single molecule of NH3 can be stored, (ii) a second metal site where up to three
molecules of NH3 can be adsorbed, (iii) an acid site, and (iv) a site for physi-
sorption. The mathematical expressions for the adsorption/desorption reaction
rates of each site is the same as the single-site approach which was previously
discussed (Eqs. 13.21–13.23). The parameters of the above-mentioned set of
equations need to be estimated for each of the four surface sites.

13.3.1.4 Alternative Approaches

In this approach, the mass of each species which can be adsorbed in equilibrium
conditions, as a function of temperature, is described by the Dubinin–Radushkevich
adsorption theory [28]. According to this approach, the adsorbate in intimate
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contact with the solid is assumed to be in liquid form. The equation of the D-R
isotherm gives the adsorbed mass at equilibrium xeq as function of temperature and
partial pressure:

ln xeq; j

� �
¼ ln W0 � qj

� �
� Dj ln

pj

psat; j

ffi �
 �2

Dj ¼ Aze

RT

bj

 !2 ð13:28Þ

where W0 is the total volume of all micropores and Aze is a constant characteristic
of the pore size distribution (both depend on the properties of the solid). bj is the
affinity coefficient which depends on the adsorbate, qj is the liquid phase density,
psat,j is the saturation pressure, and pj is the partial pressure of the adsorbate at the
gas–solid interface. The above equations imply that the mass of ammonia that can
be adsorbed at equilibrium conditions is a function of the local gas concentration,
the local temperature, and the saturation pressure, which is also a function of
temperature. To predict the adsorption–desorption rates toward equilibrium, a
linear driving force is employed:

R ¼ ox

ot
¼ k xeq � x
� �

ð13:29Þ

where k is a temperature-dependent rate parameter. Adsorption occurs when the
mass of adsorbed ammonia is smaller than the equilibrium mass, for the conditions
examined, and desorption occurs when the mass of adsorbed ammonia is higher
than the respective equilibrium mass. The rate parameter is constant in the case of
adsorption, since adsorption is assumed to be a non-activated process, and exhibits
an exponential dependence from temperature in the case of desorption:

k ¼ kads ¼ const; if x\xeq

k ¼ kdes ¼ k0
des�

Edes

<T
; if x [ xeq

ð13:30Þ

13.3.2 de-NOx Reactions

Several kinetic models regarding the reduction of NOx with NH3 have been
reported in the literature for various catalyst technologies: Tronconi et al. [29] and
Chatterjee et al. [30] for Vanadia-based catalysts, Malmberg et al. [21] and Schuler
et al. [31] for Fe–zeolite catalysts and Olsson et al. [32] for Cu–zeolite catalysts.
Neglecting detailed kinetic mechanisms and reaction intermediates, which are
beyond the scope of this chapter, a similar global modeling approach can be used
for the common SCR catalytic materials. The major reactions, considered in this
model, are given below.
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13.3.2.1 Ammonia Oxidation

The ammonia oxidation is an undesired reaction which occurs at high tempera-
tures, typically above 400 �C [27, 33].

4NH3 þ 3O2 ! 2N2 þ 6H2O ð13:31Þ

According to Schuler et al. [31], who investigated the NH3 oxidation on iron-
exchanged zeolites, reaction (13.31) can be described according to the following
rate expression:

RNH3�ox ¼ k0
NH3�ox � e

�
ENH3�ox

RT

� �
� yO2

yref
O2

 !b

ð13:32Þ

where yO2 is the molar fraction of O2, yref
O2

is a reference molar fraction of O2, and b
the reaction order with regard to O2.

13.3.2.2 NO Oxidation

In zeolite-based catalysts, the NO2/NOx ratio is known to have a significant effect
on the de-NOx performance [34, 35]. The ability of the catalyst to modify the NO2/
NOx ratio in situ has to be considered by the NO $ NO2 oxidation/decomposition
reaction:

NOþ 1=2O2 $ NO2 ð13:33Þ

The respective reaction rate expression, which is based on experimental results,
is proposed by Schuler et al. [31]:

RNO�ox ¼ k0
NO�ox � e �

ENO�ox
RTð Þ � cNO � y0:5

O2
� cNO2

Keq

ffi �
ð13:34Þ

13.3.2.3 Standard SCR Reaction

According to the ‘‘standard’’ SCR reaction equal molar amounts of NH3 and NO
react with oxygen in order to form nitrogen and water:

4NH�3 þ 4NOþ O2 ! 4N2 þ 6H2O ð13:35Þ

The inhibition of NH3 on the standard SCR reaction, which was observed on
vanadium-based catalysts, can be described by a two-site Langmuir–Hinshelwood
rate expression as proposed by Chatterjee et al. [11]:

13 SCR Reactor Models for Flow-Through and Wall-Flow Converters 395



RStandard�SCR ¼ k0
Standard�SCR � e �

EStandard�SCR
RTð Þ cNO � hNH3

1þ kLH
hNH3

1�hNH3

yO2

yref
O2

 !b

ð13:36Þ

where kLH is a rate parameter which describes the inhibition by NH3. The similar
effect occurs on Fe-exchanged zeolites, where Eq. (13.36) was found to be valid [21].

13.3.2.4 Fast SCR Reaction

The fast SCR reaction describes the reaction taking place when both NO and NO2

are present in the exhaust gas:

2NH�3 þ NO þ NO2 ! 2N2 þ 3H2O ð13:37Þ

In a global modeling approach, it is assumed that NO and NO2 react with the
adsorbed ammonia directly from the gas phase and consequently an Eley–Rideal
mechanism-based expression is commonly used to describe the reaction rate:

RFast�SCR ¼ k0
Fast�SCRe �

EFast�SCR
RTð Þ � cNO � cNO2 � hNH3 ð13:38Þ

13.3.2.5 NO2 SCR Reaction

The NO2 SCR reaction provides a pathway for the direct conversion of NO2, in the
absence of NO [36], and has been found useful to predict the effect of NO/NO2

ratio on SCR performance.

8NH�3 þ 6NO2 ! 7N2 þ 12H2O ð13:39Þ

In analogy to the fast SCR reaction, an Eley-Rideal expression is assumed for
the reaction rate, as the gaseous NO2 reacts with the stored ammonia.

RNO2�SCR ¼ k0
NO2�SCRe �

ENO2�SCR

RT

� �
� cNO2 � hNH3 ð13:40Þ

13.3.2.6 N2O Formation

It has been experimentally observed that the N2O production (13.41) is favored by
increased NO2/NOx ratios and also by lower temperatures (200–350 �C) [34].

2NH�3 þ 2NO2 ! N2 þ N2Oþ 3H2O ð13:41Þ

The rate expression for the above reaction:

RN2O ¼ k0
N2O�SCRe �

EN2O

RT

� �
� cNO2 � hNH3 ð13:42Þ
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13.3.2.7 Ammonium Nitrate Formation/Decomposition

At low temperatures (T \ 200 �C), a mechanism for the formation of ammonium
nitrate has to be considered [37]. This reaction requires NO2 as the oxidizing reactant
and has been reported on various vanadia- and zeolite-based catalysts [33, 38].

2NH�3 þ 2NO2 ! NH4NO3 þ N2 þ H2O ð13:43Þ

Ammonium nitrate is decomposed to N2O at higher temperatures (T [ 200 �C)
according to the reaction:

NH4NO3 ! N2Oþ 2H2O ð13:44Þ

13.3.3 Parameter Calibration

The parameters of the reaction rates, consisting of pre-exponential factors and
activation energies have to be calibrated in order to attain an optimal fit between
simulated and experimental data. A step-by-step procedure is followed based on
experiments which are specifically designed to minimize the number of parameters
that have to be calibrated simultaneously. The sequence can be organized as
follows: First, parameters related to ammonia adsorption and desorption processes
are identified, in the absence of SCR reactions. Second, NO oxidation parameters
are calibrated without ammonia in the feed stream. Finally, the calibration of the
remaining parameters is performed all together [39]. Different experimental
methods and procedures involved in the derivation of global SCR reaction kinetics
will be presented in Sect. 13.5.

13.4 Importance of Washcoat Diffusion Modeling

The scope of this paragraph is to analyze the impact of internal washcoat diffusion
on the performance of zeolite-based catalysts both by experimental and simulation
results. In the first part, an experimental study of mass transfer limitations in
Fe– and Cu–zeolite catalysts performed by Metkar et al. [40] is presented. The
authors investigated catalysts with different washcoat loadings, washcoat thick-
nesses, and lengths under various SCR reactions in order to identify the presence of
diffusion limitations throughout an extended temperature range. In the second part,
the flow-through catalyst model, presented in Sect. 13.2, was employed to repro-
duce the test conditions of the fore-mentioned experiments.
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13.4.1 Experimental Results

In order to study the internal mass transfer limitations in various representative
SCR reactions, Metkar et al. used Fe– and Cu–zeolite monolith samples named as
FeZ-XX-Ycm and CuZ-XX-Ycm where XX denotes the washcoat loading (%
weight) and Y the length of the catalyst (cm). For each catalyst technology two
samples were tested, the second one having half the washcoat loading and double
the length so as to keep the same washcoat mass. Experiments were carried out in
the 150–550 �C temperature range while a constant flow rate was used so as to
keep constant space velocity per unit of catalyst mass. Detailed description of the
experimental protocols can be found in [40].

13.4.1.1 NO–NH3 Reacting System

Experimental results for the standard SCR reaction study are presented in
Fig. 13.3. A substantial performance degradation is observed for the low length—
high washcoat loading samples. The difference in NOx conversions is observed
above 250 �C for Cu–zeolites and 350 �C for Fe–zeolites, indicating that diffusion
limitations are present.

13.4.1.2 NO–NO2–NH3 Reacting System

Similar experimental procedure was carried out for the NO–NO2–NH3 reacting
system. The presence of NO2/NOx ratio of 50 % in the feed stream greatly
enhances the NOx conversion efficiency as the fast SCR is the governing reaction
in the system. Higher space velocities were necessary to achieve lower conver-
sions and to make the observation of mass transfer limitations possible. The
experimental results obtained for the Fe–zeolite catalysts are shown in Fig. 13.4.
Washcoat diffusion limitations are present throughout the whole temperature range
with the short monolith sample constantly achieving lower NOx conversions.

13.4.2 Simulation Study and Effective Diffusivity
Investigation

The kinetic parameters of the 1D ? 1D model were calibrated to fit the experi-
mental results produced by Metkar et al. [40]. Thermophysical properties and
microstructural data for the zeolite washcoat and the substrate were obtained from
the literature. In Fig. 13.5a simulated and experimental results are presented for
the pair of FeZ–XX catalysts. An overall good agreement is observed, with the
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model being able to predict the decrease in NOx conversion due to diffusion
limitations for the case of short catalyst with thick coating.

Washcoat tortuosity s[-] is an important empirical parameter in the computation
of the effective diffusivity of species inside the washcoat pores (13.15). A para-
metric analysis of washcoat tortuosity, shown in Fig. 13.5b, resulted in a value
of s = 2.0 as the best value to reflect the extent of the internal diffusion impact on
de-NOx activity.

Fig. 13.3 Experimental
steady-state NOx conversions
obtained during the standard
SCR reaction over FeZ-XX
and CuZ-XX catalysts.
Reprinted from Metkar et al.
[40], with permission from
Elsevier

Fig. 13.4 Experimental
steady-state NOx conversions
obtained during the fast SCR
reaction over FeZ-XX
catalysts. Reprinted from
Metkar et al. [40], with
permission from Elsevier
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13.5 From Lab Reactor Tests to Real-World System
Modeling

The aim of this section is to present the different procedures involved in the deri-
vation of the SCR global reaction kinetics and their incorporation into the previously
described (1D ? 1D) mathematical model in order to predict the dynamic behavior
of full-scale converters under real-world conditions.

13.5.1 Overview of Model Parameterization Approaches

The development of global reaction kinetics is a stage wise scale-up approach. The
various stages of this multiscale approach are summarized in Fig. 13.6 and
include: (a) microreactor experiments over powdered catalyst for the determina-
tion of the intrinsic reaction kinetics, (b) synthetic gas bench experiments over
small monolith samples to account for intraporous diffusion of species, and (c)
validation on steady-state and transient engine tests.

13.5.2 Microreactor and Monolith Reactor Tests

The first stage of the investigation includes steady and transient microreactor
experiments for the determination of the intrinsic kinetics of the various NH3–NOx

reactions. According to this approach, a part of the initial extruded or washcoated
catalyst is crushed into a fine powder form and placed inside a microreactor.

Fig. 13.5 Comparison of experimental and simulation results (a) and parametric analysis of
washcoat tortuosity factor (b) in terms of NOx conversion efficiency. (Dashed lines represent
results for the high washcoat-short length catalyst.) Source of experimental data Metkar et al. [40]
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The latter consists of a tubular fixed bed reactor encased in a furnace through which
the reacting feed flows. This experimental setup guarantees negligible transport
limitations, measurement of fast transients, and controlled isothermal conditions.

A typical experiment for the investigation of the NH3 adsorption–desorption
reaction is shown in Fig. 13.7. The figure shows the evolution of the outlet NH3

concentration during a step of NH3 inlet feed followed by a temperature pro-
grammed desorption.

The second stage of the scale-up approach involves monolith reactor experi-
ments over small catalyst samples with a volume of a few cubic centimeters. The
data obtained from this intermediate stage serve either as a primary validation of
the intrinsic reaction kinetics or for kinetic parameter estimation in case mic-
roreactor experiments have been omitted. Monolith reactor experiments are able to
reproduce more accurately the phenomena prevailing in real full-scale converters
taking into account the catalyst’s geometry, the flow dynamics along the channel,
and the intraporous diffusion over the washcoat. At the same time, the experiments
are performed under controlled laboratory conditions, involving isothermal oper-
ation and the use of synthetic gas mixtures.

Figure 13.8 illustrates the results of steady-state experiments at various tem-
peratures over a small monolith sample with the feed stream consisting primarily

Fig. 13.6 Stages for the derivation of global reaction kinetics

Fig. 13.7 NH3 adsorption–
desorption experiment
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of NO and NH3. For comparison purposes, the figure shows also the outlet con-
centrations measured during identical experiments over the catalyst in powder
form. In the latter case, the flow rate was adjusted in order to keep the same flow
rate per active catalyst mass. In the low temperature region, the concentrations
measured over the monolith and over the powder catalyst coincide. On the con-
trary, for temperatures above 225 �C deviations are observed, corresponding to
lower conversions for the monolith which are attributed to diffusion limitations.

13.5.3 Real-World Full-Scale Applications

In the third and final stage, the reaction kinetics are validated under real appli-
cation conditions by performing engine test bench experiments. The up-scaling
from small monolith samples to full-scale monolithic converters does not involve
changes in the catalyst morphology or the flow dynamics. The major difference,
apart from the increased catalyst size, is the use of real engine exhaust as feed gas
which enables the observation of possibly neglected composition effects on the
reaction kinetics.

One of the main challenges in this type of model applications is the correct
estimation of NH3 concentration at the entrance of the catalyst, which is used as an
inlet parameter to the model. The problem arises from the fact that NH3 is
sometimes not directly measured at catalyst entrance but rather estimated based
on the instantaneous injection of urea–water solution in the exhaust stream.

Fig. 13.8 Steady-state NO and NH3 concentrations versus temperatures in runs over a small
monolith catalyst and over the same catalyst crushed to powder. Reprinted from Güthenke et al.
[41], with permission from Elsevier
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In addition, the uniformity of NH3 concentration at catalyst entrance is not always
perfect which obviously challenges the use of single-channel approaches.

An example of model validation on standard European test cycles (ESC and
ETC), performed by Tronconi et al. [29], is shown in Fig. 13.9. An excellent
correlation between the NOx concentrations downstream of the catalyst is observed
with an error of 3–4 % for the total NOx conversion in both cycles.

13.6 Fundamentals of SCR on DPF Modeling

In addition to selective catalytic reduction (SCR) systems, the Diesel particulate
filter (DPF) technology is also adopted in many current and future low-emission
diesel exhaust configurations both in light-duty and heavy-duty applications. Usu-
ally, the systems are implemented as separate devices. A combined DPF ? SCR
system, referred to as SCRF� (also referenced as WSCR, SDPF, or SCRoF) in
which the porous walls of the DPF are impregnated with SCR active material
promises big improvements in terms of packaging volume and costs, but requests
high detail in modeling. In this section, a simulation study on the phenomena that are
expected to play a key role in SCRF� systems is presented. A detailed mathematical
description of the wall-flow filter model and the associated soot oxidation reactions
are given in the first part. The second part addresses the effect of mass transfer
limitations by comparing flow-through and wall-flow SCR monoliths while the last
part is dedicated to the interactions between soot and de-NOx activity.

13.6.1 Wall-Flow Filter Model

A pioneering 1D model for the wall-flow DPF was originally presented in 1984 by
Bissett [42]. A few years later, Konstandopoulos and Johnson developed a pressure

Fig. 13.9 Normalized NOx concentration at SCR catalyst inlet and outlet of an ESC (a) and an
ETC (b) test cycle. Dotted black lines-inlet values, solid black lines-outlet measurement, gray
lines-outlet simulation. Reprinted from Tronconi et al. [29], with permission from Elsevier
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drop model for an unloaded filter [43]. By assuming uniform soot layer distribution
over the channel, the above model was extended to loaded filter, taking into
account the reduction of channel cross-section due to the growth of soot layer [44].
Bissett’s work has been extended by Koltsakis et al. [45] to describe the soot
regeneration in terms of thermal and catalytic reactions.

A schematic of the side and front view of a filter channel is given in Fig. 13.10.
The governing equations for the conservation of mass, momentum, energy, and
species are given in the following subsections.

13.6.1.1 Mass-Momentum Balance

Conservation of mass of channel gas
The mass balance equation for the gas flowing in the inlet and outlet channels is

written as:

o

oz
d2

i qivi

� �
¼ �1ð Þi�4dqwvw ð13:45Þ

where subscript i identifies regions 1 (inlet channel) and 2 (outlet channel), sub-
script w denotes the substrate wall, d is the hydraulic diameter of a clean channel
[m], qw and vw are, respectively, the density [kg/m3] and velocity [m/s] of gas
passing through the soot cake and wall.

Conservation of axial momentum of channel gas
Taking into account the mass loss/gain through the porous wall and the friction

in the axial direction z, the momentum balance of exhaust gas can be formulated:

opi

oz
þ o

oz
qiv

2
i

� �
¼ �a1lvi=d2

i ð13:46Þ

Fig. 13.10 Schematic of channel model. a Front view, b side view
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where p is the gas pressure [Pa], a1 is a constant in channel pressure drop corre-
lation [–], and l is the dynamic viscosity [Pa � s].

13.6.1.2 Energy Balance

Energy balance of the gas phase
Inlet channel:

Cp;gq1v1

��
z

oT1

oz
¼ h1

4
d1

Ts � T1ð Þ ð13:47Þ

where subscript s denotes the solid.
Outlet channel:

Cp;gq2v2

��
z

oT2

oz
¼ h2 þ Cp;gqwvw

� � 4
d

Ts � T2ð Þ ð13:48Þ

Energy balance of the solid phase
The temperature field in the filter is described by the equation of transient heat

conduction with heat sources in axisymmetric coordinates:

qs � Cp;s
oTs

ot
¼ ks;z

o2Ts

oz2
þ S ð13:49Þ

For the case of 2D and 3D modeling, Eqs. (13.18) and (13.19) can be used,
respectively. The source term S includes the contribution of the convective heat
transfer of the gas flow in the channels and through the wall as well as the
exothermic heat release:

S ¼ Hconv þ Hwall þ Hreact ð13:50Þ

Convection of heat due to flow along channels

Hconv ¼ h1 � SF � T1 � Tsð Þ þ h2 � SF � T2 � Tsð Þ ð13:51Þ

Convection of heat due to flow through wall

Hwall ¼ qw � vw � SF � Cp;g � T1 � Tsð Þ ð13:52Þ

Reaction heat release

Hreact ¼ SF

X
k

Zww

�wp

fwRkdw

 !
� DHk ð13:53Þ

where wp is the soot layer thickness [m] and ww the substrate wall thickness [m].
The geometrical parameter fw is defined as:
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fw ¼
bðwÞ

d
ð13:54Þ

The width available to flow b(w) varies in the particulate layer and remains
constant in the wall:

b wð Þ ¼ d þ 2w;w\0
d;w� 0

�
ð13:55Þ

13.6.1.3 Species Balance

The governing equation for the mass conservation of any species in the soot layer
and wall is:

vw

oyj

ow
� Dw; j

o

ow
fw

oyj

ow

ffi �
¼ fw

cm

X
k

nj;kRk ð13:56Þ

where cm is the molar concentration of the gas [mol/m3] and cj,k the stoichiometric
coefficient of species j in a reaction k. The calculation of the effective diffusivity
Dw,j is based on the previously described parallel pore model given by Eqs. (13.15)
and (13.16).

The boundary conditions couple the phenomena in the wall with the gas con-
centrations in the channels. The convective mass transfer from the bulk gas to the
wall surface is computed according to the ‘‘film’’ approach with mass transfer
coefficients ki,j corresponding to laminar flow for both inlet and outlet channels:

o v1y1; j
� �

oz
¼ � 4

d � f 2
w

vwy1; j þ
4

d � fw

k1; j y1s; j � y1; j
� �

ð13:57Þ

o v2y2; j
� �

oz
¼ 4

d � f 2
w

vwy2s; j þ
4

d � fw
k2; j y2s; j � y2; j
� �

ð13:58Þ

13.6.2 SCR Kinetic Model and Soot Oxidation Kinetics

For the purposes of this study, a superimposition of the SCR chemistry and the
soot reactivity is assumed. To account for NH3–SCR reactions in the wall-flow
filter the same kinetic model presented in Sect. 13.2 is used. Soot oxidation is
modeled by two parallel reactions with O2 and NO2 [46, 47]. The respective rate
expressions are also given below.
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Soot oxidation with O2

Cþ a1O2 ! 2 a1 � 0:5ð ÞCO2 þ 2 1� a1ð ÞCO ð13:59Þ

R ¼ A � e� E
RT � pn

O2
ð13:60Þ

Soot oxidation with NO2

Cþ a2NO2 ! a2 � 1ð ÞCO2 þ 2� a2ð ÞCOþ a2NO ð13:61Þ

R ¼ A � e� E
RT � pNO2 ð13:62Þ

where a1 and a2 are indexes of the completeness of the reactions, characterizing the
selectivity toward CO or CO2 production.

13.6.3 Wall-Flow Versus Flow-Through Monoliths

In this section, we present a simulation study to compare the steady-state de-NOx

performance of catalytically coated DPF filters with integrated SCR capability
with the respective flow-through SCR catalysts. The comparison is based on a
theoretical basis, using the mathematical models presented in previous sections.
Aim of the study is to quantify the effect of the mass transfer limitations in the case
of the flow-through SCR catalyst, which are much less present in the case of the
wall-flow SCRF� filter.

Both SCR and SCRF� systems are assumed to have equal external dimensions
and to contain exactly the same amount of active catalytic material. On the
contrary, different cell density and wall thickness have been chosen so that they are
closer to real-world applications. The geometric properties of the two systems are
given in Table 13.1.

The reaction scheme and kinetic rate data used in the study are based on
reference values. However, the results expected from this specific study are not
subject to the accuracy of the kinetic data, as we are mainly interested in the global
comparison between the two different reactor types.

Simulations were performed for both the SCR and the SCRF� at various flow
rates and temperatures (200 �C and 350 �C). In the case of the flow-through SCR,
simulations were performed with and without considering the internal diffusion
limitations. In every case the inlet feed stream contained equal amounts of NO and
NH3 (500 ppm) together with 8 % O2, 6 % H2O, and balance N2.

Figure 13.11a shows NOx conversion efficiency with respect to space velocity
at 200 �C where it is evident that diffusion limitations are absent. SCR de-NOx

efficiency, computed either with the surface reaction or the internal diffusion
model, is in complete agreement with the one calculated for the SCRF. On the
contrary, washcoat diffusion becomes significant at the temperature of 350 �C
(Fig. 13.11b). Examining the SCR curves only, the trends of NOx conversions
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remain the same until 20,000 h-1 but for higher space velocities a significant
difference can be observed denoting strong diffusional limitations. The SCRF
shows initially slightly lower NOx conversions but for space velocities above
40,000 h-1 it is about 5 % more efficient than the diffusion-limited SCR.

13.6.4 Interactions Between Soot and de-NOx Activity

SCRF� systems may appear as an attractive solution due to their higher de-NOx

performance at clean state compared to the SCR catalysts, as presented in

Table 13.1 Geometric and
thermophysical properties of
the SCR (a) and SCRF� (b)

Substrate Cordierite

(a) SCR
Catalytic material Vanadia/Titania
Catalyst diameter 0.144 m
Catalyst length 0.254 m
Cell density 400 cpsi
Wall thickness 6 mils
Substrate density 1,250 kg/m3
Washcoat load 150 g/l

(b) SCRF�

Catalytic material Vanadia/Titania
Filter diameter 0.144 m
Filter length 0.254 m
Cell density 300 cpsi
Wall thickness 12 mils
Substrate density 1,250 kg/m3
Washcoat load 150 g/l

Fig. 13.11 Simulation results of NOx conversion versus space velocity for SCR (with and
without diffusion limitations) and SCRF� systems at 200 �C (a) and 350 �C (b)
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Sect. 13.6.3. However, the general case of soot -loaded SCRF� has to be con-
sidered in order to account for the competitive interactions between SCR activity
and soot oxidation which will be discussed in this section.

13.6.4.1 Effect of Soot on de-NOx Performance

Colombo et al. [48] studied the impact of soot on de-NOx efficiency by performing
steady-state SCRF� simulations for different initial soot loadings at various tem-
peratures. Figure 13.12 summarizes simulation results obtained in the case that the
inlet feed consists primarily of NO and NH3. A NOx conversion decrease due to
soot accumulation can be observed at high temperatures but it is only limited to a
maximum 5 %, at least for the simulated conditions. The negative effect of soot
load on de-NOx activity for the NO–NH3 reacting system was attributed by the
authors to the increasing diffusion limitations of the species across the soot layer.

The same authors performed simulations for the NH3–NO2 reacting system.
Figure 13.13 shows the respective results obtained at 400 and 500 �C in terms of
NOx conversion as a function of soot load. Analyzing simulation results at 400 �C
(Fig. 13.13a), a promoting effect of soot was observed focusing on NOx conver-
sion. On the contrary, increasing the temperature to 500 �C resulted in a different
picture for NOx conversion, as shown in Fig. 13.13b. A peculiar behavior was
predicted by simulations as an optimum value of NOx conversion is apparent at
this temperature for a soot loading of about 3.5 g/l. Detailed analysis of simulation
results revealed that the discussed behaviors were related to the interaction
between passive regeneration of soot and SCR reactivity. The former process
consumes NO2 and soot producing COx and NO. In this way, the local NO2/NOx

ratio is different from that of the feed stream, thus altering the de-NOx perfor-
mance. Indeed, from both literature indications [27, 33, 49] and analysis of utilized
kinetic parameters, the NOx conversion rate was found to be maximum for NO2/
NOx = 0.5, while lower rates were calculated in excess of either NO2 or NO, with
the latter case resulting in the slowest de-NOx process, at least in the 250–500 �C
temperature window.

Fig. 13.12 Simulated NOx

conversion as a function of
soot load. Temperatures:
250–300–400–500 �C.
Adapted from Colombo et al.
[48]
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The last investigated reacting system involved the simultaneous presence of
both NO and NO2 in the feed stream, this situation being the most common under
real operating conditions. Simulation results are summarized in Fig. 13.14a, where
steady-state NOx conversion is plotted as a function of total soot load for different
temperatures. NOx conversions close to 100 % were computed in the whole
investigated temperature range at clean filter conditions. Increasing the soot load
resulted just in a slight decrease of NOx conversion for temperatures lower than
300 �C. At higher temperatures the effect of soot presence became much more
pronounced, leading to a significant decrease of NOx conversion for the highest
temperature and load conditions.

To explain the computed behaviors, the authors analyzed the radial profiles of
NO and NO2 both in the presence and absence of soot. Figure 13.14b shows
computed profiles obtained at 500 �C at a fixed axial location. In the case of soot
free SCRF� (continuous lines), local NO2/NOx ratios close to 0.5 were observed
which lead to high de-NOx rates. On the opposite, in the case of the soot-loaded
SCRF� (dashed lines), NO2 was almost completely consumed in the soot layer,
thus resulting in a strong excess of NO in the catalyzed wall. Under these

Fig. 13.13 Simulated NOx conversion as a function of soot load at (a) 400 �C and (b) 500 �C.
Adapted from Colombo et al. [48]

Fig. 13.14 NOx conversion as a function of soot loading (a) and radial concentration profiles for
NO and NO2 at 500 �C (b). Adapted from Colombo et al. [48]
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conditions lower de-NOx rates were achieved, being the Standard SCR the main
reaction occurring in the system.

Watling et al. [50] also investigated the effect of the presence of soot on NOx

conversion by performing a series of simulations for a Cu–SCRF� at various soot
loadings and temperatures between 150–550 �C. The gas feed to the SCRF�

contained 500 ppm NOx and 15 % O2 with a space velocity of 55,000 h-1. A
realistic NO2/NOx ratio was used at the inlet, as presented in Fig. 13.15a.

The results, presented in Fig. 13.15b, show no significant effect of soot on NOx

conversion. At low temperatures, the NO2 consumption by soot is slow and has little
impact on the NO2/NOx ratio. At mid temperatures, the presence of soot actually
enhances the de-NOx performance. As mentioned before, optimum SCR activity is
achieved when inlet NO2/NOx = 0.5 due to the fast SCR reaction. NO2=NOx ratio is
higher than 0.5 between 300 �C and 400 �C. Soot oxidation with NO2 results in a
decrease in NO2/NOx to a value closer to 0.5 and thus enhancing the NOx conversion.

13.6.4.2 Effect of de-NOx Activity on Filter Regeneration

Colombo et al. [48] performed a simulation study of the de-NOx activity effect on
soot regeneration. Simulations were carried out at a fixed temperature of 500 �C
and with a feed mixture containing equal amounts of ammonia and NOx. The
initial soot load was set to 8 g/l and simulations were repeated with two different
NO2/NOx ratios, namely 0 and 1. For both reacting systems, simulations were first
performed considering the SCR reactivity and then repeated by deactivating the
de-NOx reactions. The computed evolution of the total soot mass and of wall soot
was followed as a function of time, as shown in Fig. 13.16.

In the case of the NH3–NO reacting system (Fig. 13.16a), the presence of
de-NOx activity slightly favored soot consumption. Analysis of simulation data
proved that the promoting effect was related to the slight exothermicity of de-NOx

reactions. For the NH3–NO2 reacting system a different picture came out from
simulations, with soot consumption resulting faster in the absence of any de-NOx

Fig. 13.15 SCRF� NO2=NOx ratio (a) and predicted effect of soot loading on NOx conversion as
a function of temperature for a Cu-SCRF� (b). Reprinted from Watling et al. [50], with
permission from Elsevier
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activity (Fig. 13.16b). Again, analysis of simulation data pointed out that, in
presence of de-NOx activity, NO2 is competitively consumed in both soot passive
regeneration and SCR reactions, thus resulting in lowering soot consumption rate.

Equivalent simulation results have been produced by Watling et al. [50], who
examined the rate of soot oxidation both in the presence and absence of NH3 for a
Cu-SCRF� (see Fig. 13.17).

For temperatures up to 400 �C the rate of soot removal is significantly reduced
as SCR activity greatly reduces the available NO2 for soot oxidation. At higher
temperatures, the NOx conversion is predicted to no longer have a negative impact
on soot oxidation. At 500–550 �C, soot regeneration is actually enhanced, fact that
is attributed to the 5 �C exotherm generated by the SCR reactions.

13.7 Integrated Exhaust System Modeling

Due to the increasing pressure to develop small size and low-cost aftertreatment
systems meeting the legislative demands, it is desirable to integrate multiple
functionalities and exploit any possible synergies between devices. Typical

Fig. 13.16 Total soot mass and wall soot mass as a function of time for NO2=NOx ¼ 0 (a) and
NO2/NOx = 1 (b). Adapted from Colombo et al. [48]

Fig. 13.17 Predicted soot
removal in a 60 (200–400 �C)
min period or a 5
(450–550 �C) min period
with (ANR = 1) and without
(ANR = 0) SCR activity
(Feed: 500 ppm NOx, 15 %
O2, 55,000 h�1 space
velocity, inlet NO2/NOx as in
Fig. 13.15a.) Reprinted from
Watling et al. [50], with
permission from Elsevier
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examples include DPF’s catalyzed with de-NOx catalysts, as well as LNT-SCR and
SCR-ASC combinations using layered coating technology. The design of such
advanced exhaust line configurations requires a multidimensional optimization
process.

13.7.1 Model-Based DPF 1 SCR System Optimization

The design optimization problem associated with the relative position of the SCR
in a DOC ? SCR ? DPF exhaust line is addressed in this section [51]. The study
refers to a medium size passenger car exhaust system. Placing the SCR catalyst
upstream of the DPF reduces its warm-up time, thus enabling the reduction of cold
start NOx emissions. At the same time, however, the exhaust gas reaching the DPF
will be poor in NO2, thus minimizing the passive regeneration potential and
increasing the regeneration frequency. Instead, a DPF placement in front of the
SCR catalyst would be ideal for its regeneration management, but would pose big
problems for the SCR cold-start efficiency due to the large DPF thermal mass.

Three basic concepts for positioning a DPF and an SCR system were compared
in [51], as shown in Fig. 13.18. Concept (a) assumes a close-coupled DOC fol-
lowed by a connecting pipe where the urea dosage and mixing takes place. The
SCR catalyst is then placed upstream of the DPF. In concept (b) the DPF is placed
immediately after the close-coupled DOC. The urea dosage/mixing is done in the
connecting pipe before the SCR. Concept (c) assumes a combined DPF/SCR
system which is placed downstream the close-coupled DOC with an intermediate
connecting pipe.

Fig. 13.18 Schematic of the
3 different design layouts for
integration of DPF ? SCR
system
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Concept (a): DOC-Pipe-SCR-DPF

Effect of DOC size and PGM activity: The presence of a DOC has two main
implications on the SCR system efficiency. The DOC thermal inertia affects the SCR
inlet temperature while the production of NO2 over the DOC alters the NO2/NOx ratio
upstream of the SCR. The latter case is of greater interest since the thermal mass
of the DOC is relatively low and it only affects the de-NOx performance during the
light-off phase. Chatterjee et al. [52] stated that SCR efficiency is mainly influenced
by the DOC generated NO2/NOx ratio, with the DOC noble metal loading and volume
being the two parameters that can be modified independently to optimize the system
performance. A computational study performed by Koltsakis et al. [53] relates the
NOx conversion efficiency with the DOC PGM loading and volume (Fig. 13.19).

It is apparent that higher PGM loading leads to an increase of the de-NOx

efficiency due to a more favorable NO2/NOx ratio, closer to 50 %. An increase of
the DOC volume with a constant specific noble metal loading has also a positive
effect on the NOx conversion. This is due to the higher PGM amount of the DOC
which increases the NO oxidation rate.

Concept (b): DOC-DPF-Pipe-SCR

Effect of DPF thermal inertia: The effect of the thermal inertia of the compo-
nents upstream of the SCR is expected to be more pronounced in the case where
the SCR is located after the DPF. In this case, it is not only the thermal inertia of
the DOC which delays the SCR warm-up but also the thermal mass of the DPF. To
examine this effect, four different DPF formulations, with alternating substrate
material and volume, were considered along the baseline DOC. The simulated
DPF’s were: the baseline (SiC, 2.5 l), a (Cordierite, 2.5 l), a (SiC, 3.75 l), and a
(Cordierite, 3.75 l). The effect of the thermal response on the average NOx con-
version efficiency is illustrated in Fig. 13.20. For the baseline DPF volume of 2.5 l,
the substrate material of the DPF appears to have an impact of up to 5 % in the

Fig. 13.19 NEDC de-NOx

efficiency for different DOC
sizes and PGM loadings
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average NOx conversion efficiency, due to the delayed warm-up of the SCR cat-
alyst. This impact is even more pronounced in the case of the larger substrate
volume (9 %), while the impact of the volume itself ranges from 4–7 %.

Concept (c): DOC-Pipe-SCRF�

The third concept evaluated is a catalytically coated DPF filter with integrated
SCR capability. To achieve equivalent NOx conversion, the same volume as the
SCR catalyst in the previous configuration is used. With the same reaction kinetics
used for the SCR catalyst, the de-NOx performance of all three configurations is
simulated and the results are presented in Fig. 13.21. The combined system,
presents similar warm-up behavior with respect to NOx conversion with the DOC-
SCR-DPF system, and faster compared to the DPF-SCR configuration. In the
warmed-up part of the driving cycle, the DOC-SCRF� system presents practically
the same conversion efficiency with the DOC-SCR-DPF system. During the extra
urban part of the driving cycle, the SCRF� system appears to have slightly better
conversion efficiency, compared to the SCR system. This can be attributed to the

Fig. 13.20 Effect of the
upstream DPF thermal inertia
on the average simulated NOx

conversion efficiency of the
SCR system

Fig. 13.21 Comparison of
the cumulative NOx

emissions over the NEDC for
the three configurations
simulated
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mass transfer limitations in the case of the flow-through SCR monolith, which are
not present in the case of the wall-flow SCRF� monolith.

13.7.2 Combined LNT-SCR Concepts

The combination of lean NOx trap (LNT), also referred to as NOx storage and
reduction catalyst (NSRC), and selective catalytic reduction (SCR) systems pro-
vides the potential to increase the efficiency of single LNT systems. During the
lean-phase operation, NOx emissions are being adsorbed in the LNT while the
stored NOx are reduced during the short rich phase operation. In the latter phase,
NH3 is produced as a secondary product of the NOx reduction and then adsorbed in
the SCR where it is utilized to further reduce the NOx emissions. The NH3–SCR
reactor can be either located downstream of the LNT (double-bed LNT-SCR) or
merged within the same substrate with the LNT (dual-layer LNT-SCR).

A simulation study of a dual-bed LNT-SCR system (noted by the authors as
NSRC ? SCR) has been performed by Chatterjee et al. [54]. The performance of
the system was evaluated, in terms of NOx conversion and NH3 release, in defined
periodic lean/rich operation for various temperatures and at different rich phase
durations (Fig. 13.22).

At the short regeneration phase of 3 s (Fig. 13.22a) the de-NOx efficiency is low
and NH3 is generated over the NSRC only below 350 �C. All NH3 is consumed in
the SCR leading to improvement of NOx conversion at low temperatures. At the
longer rich phase of 10 s, higher NOx conversions are obtained and more NH3 is
generated. Above 350 �C the NOx reduction in the NSRC alone is so high that the
NOx concentration in the SCR inlet is very low. Consequently, NH3 is in excess
and part of it remains unused.

A similar modeling study was presented by Koltsakis et al. [55]. In the latter
case, three different configurations have been simulated including a dual-layer

Fig. 13.22 NOx conversion and NH3 yields as a function of temperature in the NSRC ? SCR
system during lean/rich cycling with tlean ¼ 180 s and trich ¼ 3 s (a) and trich = 10 s (b).
Reprinted from Chatterjee et al. [54], with permission from Elsevier
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LNT/SCR concept. Catalyst formulations and characteristics are presented in
Fig. 13.23.

All three catalyst configurations have been tested in a scenario comprising of
consecutive lean-rich cycles at different temperatures and space velocities in the
range of practical interest for diesel engine applications. Comparative results for the
three systems, in terms of NOx conversion efficiency, are presented in Fig. 13.24.

The single-bed LNT simulation results showed significant amounts of NH3

production at 200 �C, whereas at 300 �C the ammonia production during rich
mode was less. Consequently, NH3 content is available to be utilized by the
combined systems for the further increase of the overall de-NOx performance.

The additional SCR catalyst, positioned behind the LNT, is able to store the
NH3 emitted during rich mode and subsequently use it to reduce the incoming NOx

during the lean mode. An overall 78 % de-NOx efficiency is observed at 200 �C for
the double-bed LNT-SCR system, whereas the single LNT catalyst shows a per-
formance of around 66 %. Qualitatively the same results are observed at 300 �C,
where the combined system achieves an 84 % de-NOx efficiency compared to the
81 % of the single-bed LNT.

The concept of the dual-layer LNT-SCR system is qualitatively similar to the
dual-bed LNT-SCR system. In this case, NH3 is produced in the bottom layer and
before diffusing back to the gas phase, it is being stored in the top SCR layer. The
stored NH3 is subsequently used to reduce NOx during lean mode. The dual-layer
catalyst simulation predicts lower conversion efficiencies compared to the dual-
bed suggesting that the SCR functionality of the top layer is not as efficient as in
the case of the separate downstream brick.

Fig. 13.23 Catalyst characteristic and geometrical data

Fig. 13.24 Simulated
cumulative NOx emissions
for the 3 different
configurations at 200 �C
(a) and 300 �C (b)
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A close comparison of the simulation results of Fig. 13.24 clearly shows that
the dual-bed LNT-SCR configuration is superior in terms of de-NOx efficiency
compared to single-bed systems. This means that the cost and volume advantages
of a single-bed system cannot be exploited without some drawbacks in the per-
formance. At the low temperature/low GHSV regime, the addition of the SCR
catalyst both in the form of an additional catalyst bed or overlying washcoat layer
can significantly increase the overall de-NOx performance. However, the simula-
tion at 300 �C and at a GHSV of 50,000 h-1 shows that dual-layer system does not
increase the overall de-NOx efficiency—in fact the overall performance is slightly
worse by about 3 % compared to the single-bed LNT catalyst. This suggests that
the benefit of the SCR layer is counterbalanced by the additional diffusion resis-
tance due to the thicker washcoat layer.

13.7.3 Combined SCR-ASC Concept

The challenge for the NH3-SCR systems is to maximize the NOx conversion
efficiency by keeping at the same time the NH3 release to a minimum. However,
under certain conditions an increase of the de-NOx performance can only be
achieved by increasing the reductant quantity and consequently allowing higher
NH3 slip. In order to minimize the released NH3, the addition of an ammonia slip
catalyst ASC (also referenced as ammonia oxidation catalyst AOC) downstream
the SCR is considered as an efficient and reliable solution.

Colombo et al. [56] analyzed the performance of three different NH3 slip cat-
alyst configurations in terms of NH3 conversion and products selectivity. The
studied systems include a single-layered PGM monolith, a single-layered
SCR ? PGM (noted by the authors as ‘‘mechanical mixture’’) and a dual-layered
SCR ? PGM system (SCR layer on top). Simulation results in terms of NH3

concentration during a steady temperature increase are shown in Fig. 13.25. The
dual-layered SCR ? PGM system involves the addition of NH3 oxidation func-
tionality to the rear part of the SCR by combining a platinum-based lower layer
and an SCR layer placed on top. The PGM catalysts are extremely active in the
NH3 oxidation even at low temperatures, with NH3 oxidation products including
NOx and N2O besides N2. With the introduction of an SCR layer on top of the
PGM one, the unselective NOx products diffuse back in the SCR layer to react with
NH3 and to give N2. The combination of PGM and SCR chemistries greatly
enhances the selectivity toward N2. While the upper placed SCR layer improves
the selectivity, it also acts as a diffusive barrier decreasing the NH3 conversion
efficiency. This is depicted by the higher simulated NH3 concentration for the
dual-layered SCR ? PGM system compared to the single-layered PGM monolith.
On the contrary, the single-layered SCR ? PGM catalyst, while still taking
advantage of the positive interaction between PGM and SCR chemistries, achieves
equivalent NH3 conversion efficiencies as the single PGM catalyst.
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13.8 Conclusion: Perspectives

Given the high NOx conversion efficiency requirements and the cost issues asso-
ciated with advanced exhaust aftertreatment development, the need for computer-
aided approaches is nowadays established. The modeling of SCR converters has
been based on earlier developments in the area of gasoline and diesel exhaust
aftertreatment based on flow-through and wall-flow monolithic devices.

In this work, we discussed the fundamental equations describing the transient
heat and mass transfer phenomena at the device scale. These equations have been
established on reasonable approximations that have proven their validity in real-
world applications. As with other aftertreatment applications, the main modeling
challenges lie in the formulation of reaction schemes and respective rate expres-
sions that realistically describe the heterogeneous processes on the active catalyst
sites. Given the multiplicity of available catalyst technologies and the need for
modeling at various catalyst aging states, the reaction models should be simple
enough to be parameterized with reasonable efforts.

Current research efforts are indeed focusing on deeper understanding of the
surface processes involved in SCR chemistry, especially in the environment of real
diesel exhaust containing a multitude of species that could potentially interact in
the main reaction paths. As the SCR technology is expanding from heavy-duty to
the light-duty sector, cold-start issues and modeling of phenomena at temperatures
below 200 �C are becoming of major interest. This includes more advanced
models of NH3 adsorption and desorption, interactions with water as well as nitrate
formation mechanisms.

Fig. 13.25 NH3 concentration during a simulated T-ramp at 2 K/min over different monolith
catalysts. Inlet conditions: NH3 = 300 ppm, H2O = 5 % v/v; O2 = 6 % v/v;
GHSV = 100,000 h-1
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The effect of internal diffusion within the active material is expected to receive
further attention from the modeling community, as the pressure to find best
compromises among flow resistance, active material, and reactor volume will keep
increasing. In this respect, extruded catalyst technologies compete with traditional
coated substrates or even with high porosity impregnated substrates. Accurate
modeling of the diffusional processes in the above technologies shall rely on deep
understanding and characterization of effective diffusivities and proper level of
modeling detail.

The combined SCR-DPF technology will definitely be a technological and
modeling challenge. The commercial success of the technology could be supported
by simulation-driven optimization approaches. The combination of SCR and
ammonia slip catalysts, especially in the case of multilayered technologies is
another example of advanced engineering solutions where modeling is expected to
play a key role.

Last but not least, the reactor-level modeling is expected to further interact with
3D flow modeling in the exhaust system, especially with respect to flow homo-
geneity. State-of-the-art 3D CFD exhaust system models are able to provide useful
conclusions on the flow and NH3 uniformity at steady-state operating modes.
However, the computational effort required for transient cycle calculations
remains formidable even with supercomputers. Coupling of 3D flow calculations
with transient reactor models remains one of the main challenges for exhaust
system modelers in the coming years.

List of symbols

A. Latin letters
a1 Constant in channel pressure drop correlation –
Aze Pore size distribution constant (mol/J)2

c Concentration mol/m3

CP Specific heat capacity J/(kg � K)
dh Hydraulic diameter of a channel m
Dknud Knudsen diffusivity m2/s
Dmol Molecular diffusivity m2/s
dpore Mean pore size m
Dw Effective diffusivity m2/s
E Activation energy of reaction J/mol
fw Geometric parameter –
h Heat transfer coefficient W/m2 K
H Heat source component W/m3

k Kinetic constant of reaction units depend on reaction
kj Mass transfer coefficient m/s
M Molecular weight kg/mol
n Stoichiometric coefficient –

(continued)
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(continued)
pj Partial pressure Pa
psat,j Saturation pressure Pa
R Universal gas constant J/(mol � K)
r Radial coordinate –
Rj Reaction rate mol/(m3 � s)
S Heat source term W/m3

SF Monolith specific surface area m2/m3

T Temperature K
t Time s
v Velocity m/s
w Dimension perpendicular to wall surface –
W0 Total volume of micropores per reactor volume m3/m3

wc Washcoat layer thickness m
wp Soot layer thickness m
ww Wall thickness m
xeq Adsorbed mass at equilibrium kg
yj Molar fraction
z Axial coordinate along monolith m
B. Greek letters
b Reaction order with regard to O2 –
bj Affinity coefficient –

c Surface coverage dependence factor –
DH Reaction heat J/mol
e Macroscopic void fraction –
epore Porosity of the washcoat –
hNH3 Surface coverage of NH3 –
k Thermal conductivity W/m � K
l Dynamic viscosity Pa � s
q Density kg/m3

s Tortuosity –
C. Subscripts and Superscripts
g Exhaust gas
j Species index
k Reaction index
s Solid
w Substrate wall
D. Abbreviations
ads Adsorption
ANR Ammonia to NOx ratio
AOC Ammonia oxidation catalyst
ASC Ammonia slip catalyst
de-NOx Abatement of nitrogen oxides
des Desorption
DOC Diesel oxidation catalyst

(continued)
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(continued)
DPF Diesel particulate filter
LNT Lean NOx trap
NOx Nitrogen oxides, NO and NO2 only
NSRC NOx storage and reduction catalyst
PGM Platinum group metals
SCR Selective catalytic reduction of NOx

SCRF� DPF with integrated SCR capability (equivalent to WSCR, SCRoF, and SDPF)
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Chapter 14
Diesel Engine SCR Systems: Modeling,
Measurements, and Control

Ming-Feng Hsieh and Junmin Wang

14.1 Introduction

Selective catalytic reduction (SCR) systems have been successfully employed in
industries for many decades. In recent years, its application scope on mobile
vehicles has been significantly expanded due to the increasingly stringent emission
regulations on Diesel engine powered vehicles worldwide. Comparing to the
stationary applications (e.g., NOx reduction for power generation systems), mobile
vehicle SCR systems present significant control challenges primarily due to the
highly transient vehicle engine operations and thus the unpredictable engine-out
emissions. Estimation and control of mobile vehicle SCR systems are the foci of
this chapter.

Practical challenges on vehicle SCR system control mainly arise from the
following aspects. First of all, the dynamics of many chemical reactions occurring
within a urea-SCR together with the engine-out emissions and environmental
variations create a nonlinear and complex plant for SCR urea dosing controller
designs. In addition, many of the critical states within the SCR catalysts are hard to
be directly measured on mobile vehicles due to the accessibility and cost con-
straints. For example, the amount of ammonia adsorbed by a catalyst, i.e., the NOx

reduction reductant, is difficult to be directly measured. Moreover, current vehicle
NOx sensors are cross-sensitive to ammonia, which causes issues on the tailpipe
NOx measurement. The inaccurate NOx measurement not only affects the urea
injection control but also the onboard diagnostics (OBD) which has been required
by governmental regulations. Ammonia sensors are possible to be utilized as
alternatives for providing feedback signals. But OBD systems need to correct the
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tailpipe NOx concentration measurement to ensure the performance and emission
reduction of the aftertreatment systems. Due to these aforementioned practical
issues, systematic model-based SCR urea dosing control has been a great chal-
lenge. In this chapter, SCR control-oriented modeling is introduced in the first
section to explain the basic system dynamics and characteristics. After that, some
sensing and estimating systems for SCR catalysts are presented. Difficulties of
current sensing systems and possible solutions are explained. At the end, SCR
catalyst control systems and methods are discussed. An SCR ammonia storage
distribution control method that can effectively reduce the SCR-outlet NOx and
NH3 emissions is introduced.

14.2 SCR Control-Oriented Modeling

14.2.1 Introduction

While the dynamics of chemical reactions occurring within an SCR catalyst are
quite complex, lumped-parameter 0-D mathematic models that can describe the
essential SCR dynamics are preferred and often necessary for systematic real-time
estimation and control system design purposes. The main challenge associated
with the SCR catalyst control-oriented model development is to describe the SCR
dynamics in a mathematically tractable way grounded in the in-depth under-
standing of the chemical reactions. Several studies that focused on the discoveries
of fundamental SCR reactions using laboratory setups have been reported [1–9].
These studies offer insightful understandings to the chemical reaction mechanisms
and the spatiotemporal distributions of species concentrations and temperature
within the SCR catalysts. Accurately modeling the chemical reactions and fluid
dynamics inside a catalyst requires the use of partial differential equations, which
are computationally expensive and hard to be employed for real-time controller
designs. Model reduction and valid assumptions need to be made in order to
develop control-oriented SCR models. Several SCR models for the purposes of
controller designs have be proposed recently, e.g., [10–13]. The following sub-
section introduces the basic approaches of developing SCR control-oriented
models and the main assumptions made for such control-oriented models.

14.2.2 Main SCR Reactions

The SCR NOx reduction process can be summarized by three major steps. In the
first step, urea solution (AdBlue), as the source of the reductant (NH3), is injected
at the upstream of the catalyst and then is converted to NH3. In the second step, the
NH3 inside the catalyst is adsorbed on the catalyst substrate. The adsorbed NH3
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can then catalytically react with NOx and convert them to nitrogen molecules and
water, which is the third step. The key reactions of these processes are explained
by the equations below:

AdBlue (32.5 % aqueous urea solution (AdBlue)) evaporation:

NH2 � CO� NH2ðliquidÞ ! NH2 � CO� NH�2 þ xH2O; ð14:1Þ

Urea decomposition:

NH2 � CO� NH�2 ! NH3 þ HNCO; ð14:2Þ

Isocyanic acid (HNCO) hydrolyzation:

HNCOþ H2O! NH3 þ CO2: ð14:3Þ

NH3 Adsorption/Desorption:

NH3 þ hfree $ NH�3; ð14:4Þ

NOx Conversion:

4NH�3 þ 4NOþ O2 ! 4N2 þ 6H2O; ð14:5Þ

2NH�3 þ NOþ NO2 ! 2N2 þ 3H2O; ð14:6Þ

4NH�3 þ 3NO2 ! 3:5N2 þ 6H2O: ð14:7Þ

Ammonia Oxidation and NO Oxidation:

4NH�3 þ 3O2 ! 2N2 þ 6H2O; ð14:8Þ

4NH�3 þ 5O2 ! 4NOþ 6H2O; ð14:9Þ

4NH�3 þ 4O2 ! 2N2Oþ 6H2O; ð14:10Þ

2NOþ O2 ! 2NO2: ð14:11Þ

14.2.3 Control-Oriented SCR Model

The main reactions to be considered in the SCR control-oriented model are
reactions of Eqs. (14.4), (14.5), (14.6), (14.8), and (14.11). Reactions which are
ignored are the ‘‘slow SCR’’ in Eq. (14.7), ammonia oxidation to NO in Eq. (14.9),
ammonia oxidation to N2O in Eq. (14.10), and the AdBlue to ammonia reactions
of Eqs. (14.1), (14.2), and (14.3). Because the ‘‘fast SCR’’ is comparably much
faster and most NO2 can be converted by this process, the NOx after the upstream
SCR catalyst is mostly NO. Consequently, the ‘‘slow SCR’’ in Eq. (14.7) is
assumed to be a minor reaction. For ammonia oxidation, it has been reported that
most of the SCR catalysts used on vehicles are 100 % selective toward N2 [14],
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and the oxidation reactions toward other species are all ignored. Besides, from the
observations of ammonia measurements before the upstream SCR catalyst in [11];
it is believed that AdBlue can be completely converted to ammonia at the very
upstream part of the SCR if the catalyst is well designed as well as the temperature
and gas space velocity are sufficiently high. The AdBlue to ammonia conversion is
thus assumed to be 100 % before entering the SCR catalyst.

The reaction rates of the processes being considered are modeled by Arrhenius
equations. The reaction rate models are presented below:

4NH�3 þ 4NOþ O2 ! 4N2 þ 6H2O; ð14:12Þ

R1 ¼ K1e�
E1
RT CNOCO2hHV2; ð14:13Þ

2NH�3 þ NOþ NO2 ! 2N2 þ 3H2O; ð14:14Þ

R2 ¼ K2e�
E2
RT CNOCNO2hHV2; ð14:15Þ

4NH�3 þ 3O2 ! 2N2 þ 6H2O; ð14:16Þ

R3 ¼ K3e�
E3
RT CO2hHV ; ð14:17Þ

NH3 þ hfree $ NH�3; ð14:18Þ

forward : R4F ¼ K4Fe�
E4F
RT CNH3ð1� hÞHV ; ð14:19Þ

reverse : R4R ¼ K4Re�
E4R
RT hH; ð14:20Þ

2NOþ O2 ! 2NO2: ð14:21Þ

R5 ¼ K5e�
E5
RTCNOCO2 V2; ð14:22Þ

where Ri are the reaction rates (mole/sec/m3), T is temperature, Cx represents mole
concentration of species x (mole/m3), Ei (joule) and Ki (unit depends on the
elements in the reaction rate Arrhenius model) are the activation energy and rate
constant of Arrhenius reaction model, V is the catalyst volume (m3), d is the
ammonia desorption efficiency, and h is the ammonia coverage ratio defined as
h ¼ MNH�3

=H. MNH�3
represents the mole number of ammonia adsorbed by the SCR

catalyst and H is the ammonia storage capacity of the catalyst (mole), which varies
with temperature [3, 15, 16] and is modeled by the following equation:

H ¼ S1e�S2T ; ð14:23Þ

where S1 and S2, are positive constants. Note that the ammonia storage capacity
can be significantly changed in an aged SCR system. The storage parameters (S1

and S2) need to be updated to capture the effect of catalyst aging. Another
approach is to use an estimator to estimate the ammonia storage capacity variation
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and update the model intermittently. An ammonia storage variation estimation
approach based on Extended Kalman Filter (EKF) is available in [17].

To avoid partial differential equations in the control-oriented model, the SCR
catalyst is assumed to be a continuous stirred tank reactor (CSTR), as shown in
Fig. 14.1, for developing a 0-D model [12]. Under this CSTR assumption, the
states are considered homogenous within the catalyst. Based on the CSTR
assumption and the mass conservation law, the dynamic equations of the con-
sidered states in a single SCR catalyst can be expressed below.

V _CNO ¼ FCNO;in � R1 � 0:5R2 � R5 � FCNO; ð14:24Þ

V _CNO2 ¼ FCNO2;in � 0:5R2 � R5 � FCNO2 ; ð14:25Þ

V _CNH3 ¼ FCNH3;in � R4F þ R4R � FCNH3 ; ð14:26Þ

_MNH�3
¼ R4F � R4R � R1 � R2 � R3; ð14:27Þ

where F is the exhaust flow rate into the catalyst, and it is assumed equal to the
catalyst outlet flow rate, and Cx,in represent the species concentrations at the
upstream of the catalyst. Practically, CNO,in and CNO2;in cannot be directly mea-
sured because the current onboard NOx sensors cannot differentiate NO and NO2

from NOx. To address this problem, an observer needs to be designed to estimate
CNO,in and CNO2;in. An example on how to design such an observer can be found in
[18]. CNH3;in, on the other hand, can be predicted by the AdBlue injection rate and
is modeled by the following equation:

_CNH3;in ¼ �aCNH3;in þ 2a
suAdBlue

NureaF
; ð14:28Þ

where a is a time-constant, s is the mass fraction of urea in the AdBlue solution,
Nurea is the atomic number of urea, and uAdBlue is the mass injection rate of AdBlue
upstream of the SCR system. The above SCR dynamic equations can then be
rearranged into a state-space form as shown in Eq. (14.29).

Fig. 14.1 CSTR model of SCR catalyst [54]
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¼

�r1CNOCO2hNH3HV � 1
2 r2CNOCNO2hNH3HV � r5CNOCO2 V � F

V CNO þ F
V CNO;in

� 1
2 r2CNOCNO2hNH3HV þ r5CNOCO2 V � F

V CNO2 þ F
V CNO2;in

�CNH3 Hr4F 1� hNH3ð Þ þ F
V

ffi �
þ 1

V r4RHhNH3 þ F
V CNH3;in

�hNH3 r4FCNH3 V þ r3CO2 V þ r4R þ r1CNOCO2 V2 þ r2CNOCNO2 V2ð Þ þ r4FCNH3 V

�aCNH3;in þ 2aCAdBlue;inj

2
666666664

3
777777775
;

ð14:29Þ

ri ¼ Kie
�Ei

RT ; i ¼ 1; 2; 3; 4F; 4R; 5: ð14:30Þ

Parameters of the model are strenuous to be calibrated due to the high number
of parameters and the complexity of the chemical reactions. One way to calibrate
the model effectively is to use the Genetic Algorithm (GA) to optimize the model
parameters such that the model predictions best match with the calibration mea-
surement data. GA has been known of optimizing complex and nonconvex
equations. This feature makes it a good candidate to calibrate the SCR model.
Detailed explanation of how to use GA to calibration the model and a calibration
example is available in [11].

Notice that the model in Eq. (14.29) is to capture the main dynamics of a nominal
SCR system. This dynamics can change as catalyst ages, but the main structure of
the model should remain the same. Parameters of the chemical reaction rates and
catalyst ammonia storage in the model should be updated if an aged system is to be
considered. Because different catalyst formulations can have very different aging
behaviors, it is not easy to have a general model to simulate the catalyst aging
effects. A straightforward approach of capturing the catalyst aging behaviors would
be to recalibrate the model for an aged catalyst, and then interpolate the charac-
teristics between a fresh and an aged system to describe the aging process.

14.3 SCR Sensing and Estimation Systems

According to the SCR control-oriented model shown in Eq. (14.29), the key states
of an SCR catalyst are: SCR inlet NO(x) concentration, SCR inlet NH3 concen-
tration, exhaust flow rate, SCR catalyst temperature, SCR-outlet NOx concentra-
tion, SCR-outlet NH3 concentration, and SCR catalyst ammonia coverage ratio.
Current vehicle onboard sensors are capable of measuring gas flow rate, temper-
ature, NOx concentration, and NH3 concentration. However, the current production
NOx sensors are cross-sensitive to NH3, which make the accurate measurement of
SCR-outlet NOx concentration difficult. Without the information of SCR-outlet
NOx concentration, closed-loop SCR control is difficult, and so is the diagnostics
of SCR NOx reduction capability. Moreover, the catalyst ammonia coverage ratio
hNH3ð Þ is also hard to be directly measured. Ammonia coverage ratio is an inherent

state in the SCR catalyst which directly affects the catalytic reactions. This state is
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important for SCR urea real-time dosing control applications since it couples the
tailpipe NOx and NH3 dynamics.

NOx sensor ammonia cross-sensitivity and SCR catalyst ammonia coverage
ratio have been the main challenges of the SCR sensing systems. The rest of this
subsection provides some insight into these two problems and introduces some
current solutions.

14.3.1 NOx Sensor NH3 Cross-Sensitivity

Figures 14.2, 14.3, and 14.4 show the test results of the NOx sensor ammonia
cross-sensitivity based on the SCR system depicted in Figs. 14.16 and 14.17. The
measurements of the NOx sensor between the two SCR catalysts together with the
readings of a Horiba gas analyzer, the ammonia sensor, and the thermocouple are
located at the same region. Different engine operating conditions and AdBlue
injection rates were examined. In Fig. 14.2, the engine speed and accelerator pedal
position were maintained at 1700 RPM and 27 %, and AdBlue injection started at
the twentieth second with 0.15 g/s injecting rate in constant until the eight hun-
dredth second. In the test of Fig. 14.3, these values were set to 1000 RPM, 18 %,
and 0.1 g/s, respectively. The test presented in Fig. 14.4 consists of transient speed
and accelerator pedal position profiles as shown in Fig. 14.5, and the AdBlue
injection rate was kept at 0.1 g/s.

Assuming the NOx sensor is only cross-sensitive to ammonia and the Horiba
gas analyzer readings are the actual exhaust gas NOx concentrations, based on
these data and the NOx sensor ammonia cross-sensitivity model in Eq. (14.31), it
can be clearly observed that the cross-sensitivity Kcs is different in these tests and
also changes with time. By the preliminary examinations of the data, it can be seen
that the cross-sensitivity in the test of Fig. 14.2 was about 2, and was decreased to
0.5 in the test of Fig. 14.3. Furthermore, the value in the test of Fig. 14.4 was
changing with time. In the light of these observations, it can be concluded that the
NOx sensor ammonia cross-sensitivity is dynamic and cannot be simply treated as
a constant for estimating the actual NOx concentration in exhaust gas.

CNOx;sen ¼ C�NOx
þ KcsCNH3 ; ð14:31Þ

14.3.1.1 EKF Approach for NOx Sensor Reading Correction

The challenge of estimating the NOx sensor ammonia cross-sensitivity factor lies
in the fact that a dynamic model is hard to be developed. For the SCR-out NOx

concentration estimation, it is possible to employ an accurate SCR model with a
NOx sensor upstream of the SCR catalyst and the amount of AdBlue injection.
However, such prediction requires a high-accuracy SCR model, which is
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challenging to be implemented on a mobile vehicle onboard controller because of
the limited computational capability. To address the above problems, a possible
solution is to use an extended Kalman filter (EKF) to estimate the NOx sensor
ammonia cross-sensitivity factor and the actual NOx concentration at the same
time [19].

Kalman filter is well known as an efficient recursive filter that can optimally
estimate the states of linear dynamic systems from a series of noisy measurements
[20]. For nonlinear systems, extended Kalman filters [21, 22] have been developed
and validated by many studies to be effective in real applications [17, 23–25].
Unlike model-based estimators which heavily rely upon the plant models, a spe-
cific feature of a Kalman filter is that it finds the stochastic relations between
model predictions and sensor measurements, and then estimates system states in an
optimal approach. By utilizing this feature of the Kalman filter, a slowly time-
varying state can be treated as a constant and its variation can be estimated by
comparing the model predictions and measurements in a stochastic manner.

14.3.1.2 EKF for Cross-Sensitivity Factor and NOx Concentration
Estimations

According to the studies in [11] and [26], the cross-sensitivity factor Kcs variation
is mainly caused by temperature change. Because engine exhaust temperature
dynamics after the SCR catalyst is generally slow, the cross-sensitivity factor Kcs

in Eq. (14.31) is assumed to be a slowly time-varying variable, and it can be
modeled by the following equation:

_Kcs ¼ 0: ð14:32Þ
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Fig. 14.5 Engine speed and
accelerator pedal profiles of
the test in Fig. 4 [26]
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Based on the SCR model in Eq. (14.29), the NOx concentration is modeled by
the following equation:

_̂C
�
NO ¼� r1C�NOCO2hNH3HV � 1

2
r2C�NOC�NO2

hNH3HV � r5C�NOCO2 V � F

V
C�NO

þ F

V
CNO;in; ð14:33Þ

_̂C
�
NO2
¼ � 1

2
r2C�NOC�NO2

hNH3HV þ r5C�NOCO2 V � F

V
C�NO2

þ F

V
CNO2;in; ð14:34Þ

C�NOx
¼ C�NO þ C�NO2

; ð14:35Þ

where CNO,in and CNO2;in are estimated by an observer using the NOx sensor
upstream of the SCR catalyst as described in [18, 27–29]. Since the NOx sensor
used for CNO,in and CNO2;in estimations is located upstream of the AdBlue injector,
it is not affected by the ammonia cross-sensitivity and it can be assumed that
CNO,in = CNO,in

* and CNO2;in ¼ C�NO2;in
. Here hNH3 is the SCR ammonia surface

coverage ratio which can be estimated by the observer presented in the next
section.

By the above models, the prediction equation in a discrete form is obtained as

xðkjk � 1Þ ¼
K̂csðkjk � 1Þ
Ĉ�NO kjk � 1ð Þ
Ĉ�NO2

ðkjk � 1Þ

2
4

3
5 ¼

K̂csðk � 1jk � 1Þ
Ĉ�NO k � 1jk � 1ð Þ þ Dt _̂C

�
NO k � 1jk � 1ð Þ

Ĉ�NO2
k � 1jk � 1ð Þ þ Dt _̂C

�
NO2

k � 1jk � 1ð Þ

2
64

3
75;

ð14:36Þ

where Dt is the EKF updating period. The EKF measurement is the NOx sensor
reading between the two SCR catalysts, which can be described as:

z kð Þ ¼ CNOx;sen kð Þ ¼ Ĉ�NO kjk � 1ð Þ þ Ĉ�NO2
ðkjk � 1Þ þ K̂csðkjk � 1ÞCNH3ðkÞ;

ð14:37Þ

where CNH3 is the ammonia concentration measured by the ammonia sensor
between the two SCR catalysts and the reading is assumed to be accurate enough.

Based on the prediction and measurement equations of Eqs. (14.36) and
(14.37), the extended Kalman filter for the estimations of NO and NO2 (NOx)
concentrations and the sensor ammonia cross-sensitivity factor can be constructed.

14.3.1.3 Experimental Validations of the EKF

Figures 14.6, 14.7, 14.8, and 14.9 show the experimental results of the EKF
estimations together with the NOx concentrations predicted by the SCR model in
Eq. (14.29) and measured by a NOx sensor and a Horiba gas analyzer. Because the
NO2 concentrations measured after the SCR catalyst are always very low due to
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the high reaction rate of the ‘‘fast SCR reaction’’ in Eq. (14.6), separate NO and
NO2 estimations are not addressed in this section, instead, the lumped NOx con-
centration is used.

From Figs. 14.6 and 14.8, it can be observed that by using the SCR model in
Eq. (14.29) to predict the NOx concentration, i.e., without using the NOx sensor after
SCR, the predicted value can be insensitive to the presence of ammonia. However,
due to the uncertainties between the real plant and the simplified model, noticeable
differences can be seen especially during transient periods. On the other hand, when
the EKF was used to estimate the NOx concentration, the NOx EKF estimation
results were considerably improved and they are very close to the Horiba gas ana-
lyzer measured NOx concentrations, which are assumed to be the actual values.

Figures 14.7 and 14.9 show the estimated NOx sensor ammonia cross-sensitivity
of the tests been examined. It can be seen that, when ammonia slip was present to
the NOx sensor, cross-sensitivity variations in each test can be correctly captured.
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During some time periods the ammonia cross-sensitivity estimations were raised to
higher ranges, e.g., at the end of each test and between the 200–1,000 s in Fig. 14.9.
These are because the ammonia slip was close to zero (lack of persistence of
excitation) such that a higher cross-sensitivity was required to explain the difference
between the NOx concentrations predicted by the model and sensor measurements.
When ammonia is presented, the estimated cross-sensitivity converged back to the
reasonable value as can be seen at around the thousandth second in Fig. 14.9. This
cross-sensitivity error would not have a significant effect to the NOx concentration
estimation since the ammonia emissions in these ranges were very low and the
influence of cross-sensitivity was very limited. By setting a saturation to constrain
the estimated cross-sensitivity value in a reasonable range (0–10 in the tests),
undesired divergence can be avoided and the settling time to the actual cross-
sensitivity, when ammonia slip is presented, can be reduced. On the other hand,
even though the cross-sensitivity value is not directly useful for control applica-
tions, it has the potential to be used to diagnose the malfunction or aging effects of
NOx and NH3 sensors by checking the estimated value to be within a reasonable
range which can change with temperature variations.
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It is also important to note that the EKF estimation can lump model uncer-
tainties into the slow variation term Kcs. So the variation term can contain more
uncertainties if the EKF model is not accurate. This should be kept in mind if Kcs is
further to be used for diagnostics purpose.

14.3.2 SCR Catalyst Ammonia Coverage Ratio Estimation

SCR catalyst ammonia coverage ratio is a critical state that affects the SCR system
dynamics as well as the NOx conversion and tailpipe ammonia slip [30–33].
However, it is generally difficult to measure this signal onboard, even though some
lab-based measurement methods have been proposed [34]. To perform appropriate
real-time urea dosing control, it is thus beneficial to design an observer to estimate the
SCR ammonia coverage ratio in real-time. In this subsection, two different nonlinear
observers are designed based on the developed nonlinear SCR model (Eq. 14.29).
The first observer is designed based on the ammonia coverage ratio dynamics. The
sensitivity analysis of the observer shows that the observer is sustainable of small
NOx and ammonia measurement errors, but is very sensitive to temperature mea-
surement uncertainty. Besides, since the NOx sensor cross-sensitivity might not be
completely compensated by the EKF correction approach at some points, e.g., before
cross-sensitivity factor converges, the second observer is designed to be robust with
respect to the temperature measurement errors and the NOx sensor uncertainty.
In this observer, in addition to the ammonia coverage ratio dynamics, the ammonia
concentration dynamics is also considered in the observer design, and a sliding mode
approach was employed to increase the observer robustness with respect to the spe-
cific measurement errors and uncertainties. The sensitivity analyses of the observers
are conducted and the effectiveness of the observers is verified by simulations with a
vehicle model through the FTP75 test cycle.

14.3.2.1 Observer 1: Design Based on Coverage Ratio Dynamics

The first observer design is based on the NH3 coverage ratio dynamics as shown in
the SCR model of Eq. (14.29):

_hNH3 ¼� hNH3 r4FCNH3 V þ r3CO2 V þ r4R þ r1CNOCO2 V2 þ r2CNOCNO2 V2
� �

þ r4FCNH3 V : ð14:38Þ

From the SCR model, it can be seen that all the states and parameters but the
ammonia coverage ratio hNH3 are available. Besides, since the NO2 concentration
after the SCR catalyst (CNO2 ) is always low, it can be assumed that CNO2 ¼ 0.
Under this assumption, an observer can be designed in a straightforward manner.
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With the above assumptions, the following observer can ensure the conver-
gence of the estimation error.

_̂hNH3 ¼ � r4FCNH3 V þ r3CO2 V þ r4R þ r1CNOCO2 V2
� �

ĥNH3 þ r4FCNH3 V

¼ �M1ĥNH3 þM2; ĥNH3 � 1;
ð14:39Þ

where M1 and M2 are positive. The stability of this observer can be proved based
on the Lyapunov theory, details of the stability proof can be found in [35, 36].

14.3.2.2 Observer 2: Design Based on Coverage Ratio and NH3

Dynamics

To reduce the estimation error caused by the temperature measurement and
parametric uncertainties, a robust observer using the sliding mode technique by
considering the NH3 dynamics is designed. As the ammonia sensor is not cross-
sensitive against NOx, such a feature can be beneficial for the observer design.
Also, based on the sensitivity analysis of the observer, the observer is robust to
NOx sensor uncertainty, which is preferable especially when the NOx sensor cross-
sensitivity is not completely compensated by the EKF correction approach.

Sliding mode observer is known for its robustness with respect to bounded
uncertainties [37–41]. The observer considering the dynamics of ammonia cov-
erage ratio and ammonia reaction is proposed as follows: The estimation error
~hNH3 of the following observer will converge to zero in a finite period of time.

_̂hNH3 ¼ �ĥNH3 r04FCNH3 V þ r03CO2 V þ r04R

� �
þ r04FCNH3 V þ KhsignðCNH3 � ĈNH3Þ;

ð14:40Þ

where

_̂CNH3 ¼ �CNH3 Hr04F 1� ĥNH3;2

� �
þ F

V

� 	
þ 1

V
r04RHĥNH3 þ

F

V
CNH3;in

þ KNH3 sign CNH3 � ĈNH3

� �
: ð14:41Þ

The stability of this observer can also be proved based on the Lyapunov theory
as detailed in [35, 36].

14.3.2.3 Simulation Validations and Analyses

Simulated sensor errors were applied to the system to evaluate the observer sen-
sitivities with respect to the measurement uncertainties. In this section, NOx sensor
ammonia cross-sensitivity factor is modeled as a slow time-varying signal. If not
specified, NOx sensor is subjected to a cross-sensitivity to ammonia as modeled in
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Eq. (14.31) and the cross-sensitivity is eliminated by the EKF. Nine cases were
compared as listed in Table 14.1. The variances represent the sensor errors (i.e., 1
means there is no sensor error, 1.1 means the measured value is 1.1 times the
actual value, and 0 means there is no measurement available and the measurement
is 0). The Kx is the pre-exponential factors of the considered SCR reactions. Also
the ammonia storage capacity uncertainties are considered in observer 2. The
initial NH3 coverage ratio was set to 0.3 in the observers while the real value starts
from 0.

Three signals compared in Fig. 14.10 are the actual ammonia coverage ratio
predicted by the model, coverage ratio estimated by observer 1 in Eq. (14.39)
subjected to a NOx sensor without cross-sensitivity, and coverage ratio estimated
by observer 1 subjected to a NOx sensor with cross-sensitivity and the EKF cor-
rection. As can be seen in both cases, the estimated signals converged to and
tracked the actual values fairly well. Comparing the cases where the NOx sensor

Table 14.1 Simulation cases with corresponding observers and sensor measurement variances

Case Observers NH3

Measurement
variances

NOx

Measurement
Variances

T
Measurement
Variances

Kx

Variances
NH3 Storage
capacity
variation

1 1 1 1 1 1 1
2 1 1.5 1 1 1 1
3 1 1 1.8 1 1 1
4 1 1 1 1.1 1 1
5 2 1 1.8 1 1 1
6 2 1 1 1.1 1 1
7 2 1 0 1 1 1
8 2 1 1 1 1.5 1
9 2 1 1 1 1 1.5
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does not have a cross-sensitivity and the one with a cross-sensitivity but subjected
to the EKF correction, it can be observed that the difference between them can be
hardly identified. This also verifies the applicability of the EKF for NOx sensor
cross-sensitivity elimination.

Figure 14.11 shows the results when sensor errors were introduced to the
observer. It can be seen that the NO and NH3 sensor errors did not introduce
significant influences to the estimations. However, a small offset of the tempera-
ture measurement caused an obvious difference between the real value and the
estimated one. The same result (high sensitivity to temperature error) can also be
obtained from the analysis of the observer sensitivities as conducted in [36].

Figure 14.12 shows the simulation results using the second observer described
by Eq. (14.40). The observer depends on the measurement of NH3 concentration.
As expected, the observer is now robust to the temperature and NOx measurement
errors and also to the chemical reaction rate errors. Since the observer can be
robust to the NOx sensor measurement error, the NOx sensor cross-sensitivity issue
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will not cause a significant estimation error to the observer. It can be seen that the
estimated value contains noticeable noise, which is due to the chattering effect at
the sliding mode. As can be seen in Case 7, the observer can still estimate the
signal very accurately even without the NOx measurement. In Case 8, parametric
uncertainties of the chemical reaction rates were imposed in a fashion such that the
reduction rate constants of all considered chemical reactions were 1.5 times higher
than the corresponding values in the model. Since the observer was designed to be
robust to the reaction rates, the estimated ammonia coverage ratio still converged
to the model value very well. Case 9 shows the situation when the SCR catalyst
ammonia storage capacity is 1.5 times of the modeled value. As expected, the
observer is also robust to this uncertainty.

14.4 SCR Control

Several SCR control designs for automotive and commercial vehicle applications
have been proposed in recent years [10, 15, 30, 42–51]. Most of them focused on
feed-forward controller designs or utilized linearized SCR models for feedback
controller designs [10, 30, 45, 46, 48]. The study in [15] pointed out that open-loop
feed-forward control cannot well handle the engine transient exhaust gas condi-
tions and feedback control is necessary to compensate for the uncertainties during
real-world driving as well as test cycles. To meet the recent stringent emission
standards, some feedback controllers which utilize NOx sensors have been pro-
posed [10, 30, 42, 45–47]. However, due to the NOx sensor ammonia cross-
sensitivity and ammonia slip concerns, NOx-based feedback control alone may be
difficult to meet the SCR control objectives [15, 46, 47, 52]. Of late, with the
availability of the automotive ammonia sensor from some suppliers such as Del-
phi, several NH3-based feedback controls have been studied [49–51]. Such
ammonia sensors may not be cross-sensitive to NOx or other major exhaust gas
species, and is being considered by the industry as an alternative feedback sensor
for urea-SCR system control. But because the sensor has not been in production
yet, practical applications of ammonia sensor-based SCR control are rarely seen.

The objective of urea-SCR control is to simultaneously minimize the tailpipe
NOx and ammonia emissions. Due to the nature of SCR dynamics, intuitively,
increasing AdBlue injection rate can generally decrease SCR-out NOx emissions
but also result in ammonia slip increases, and vice versa. To achieve low NOx and
ammonia emissions simultaneously, specific control approaches need to be
designed to handle the SCR nonlinear dynamics.

With an adequate amount of ammonia being adsorbed on the SCR substrate,
high NOx reduction rate can be realized. It is thus believed that consistent SCR
NOx reduction can be ensured by ammonia storage control. However, besides the
NOx reduction, tailpipe ammonia slip constraint is another objective needs to be
taken into account. From the SCR model in Eq. (14.29) and the ammonia
adsorption/desorption reactions in Eq. (14.4), it can be seen that high ammonia
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coverage ratio/storage can directly lead to high SCR-out ammonia slip. Therefore,
for low tailpipe ammonia slip, low ammonia coverage ratio/storage is desired,
which contradicts to the intention of SCR NOx reduction (requires high ammonia
coverage ratio).

To address the aforementioned contradiction, an ammonia storage distribution
control (ASDC) approach is proposed. A schematic presentation of the ASDC
concept is shown in Fig. 14.13. The control approach is to simultaneously achieve
NOx and ammonia slip reductions by regulating the ammonia storage distribution
along the axial direction of the SCR catalyst. The urea injection control objectives
are: (1) to have rich ammonia storage at the upstream part of the SCR catalyst for
accomplishing sufficient and efficient NOx reduction; and (2) to have lean
ammonia storage at the downstream part such that the ammonia slip from the
ammonia rich region (upstream) can be adsorbed and the tailpipe ammonia slip
due to ammonia desorption from the downstream catalyst is limited. By this
control approach, the SCR catalyst can be fully utilized such that the SCR NOx

reduction and AdBlue utilization efficiencies can be enhanced while restricting the
tailpipe ammonia slip.

To verify this ammonia storage distribution control approach in practice, a two-
catalyst SCR system is developed. A controller is designed to control the AdBlue
injection such that the ammonia coverage ratio of the upstream catalyst is kept at a
higher value and the ammonia coverage ratio of the downstream catalyst is limited
under a lower level as presented in Fig. 14.13.

14.4.1 Control-Oriented SCR Model

The control-oriented SCR model proposed in Eq. (14.29) is extended to a two-cell
model for the ASDC application as shown in Eq. (14.42), and a schematic pre-
sentation is shown in Fig. 14.14.

Fig. 14.13 Schematic
presentation of ammonia
storage distribution control
strategy [53]
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Notice that because the catalyst volume of the above model is � of the com-
plete SCR catalyst volume, the two-cell model not only can capture the state
variations from upstream to downstream, but also has a better approximation to the
CSTR assumption comparing to a single-cell model where the catalyst volume is
twice larger. Besides, by the ammonia coverage ratio observers proposed in the
last section and by assuming temperature, NOx concentration and ammonia con-
centration measurements are available at the downstream of the SCR catalysts and
between the two catalysts; the model in Eq. (14.42) is full-state available.

14.4.2 Controller Design and Architecture

In order to handle the complicated dynamics caused by the cascade connection of
two SCR models, the backstepping control approach is used to design the con-
troller. Also because the catalyst ammonia storage capacity has the highest
uncertainty among other model variables [11], the controller is designed to be
adaptive to the ammonia storage capacity. To regulate the ammonia coverage ratio
of the upstream catalyst hNH3;2 to a desired value h�NH3;2 while constraining the
ammonia coverage ratio of the downstream catalyst hNH3;1 under an upper limit of
h�NH3;1, based on the control plant model, the urea dosing control law is proposed
below:

Fig. 14.14 Schematic presentation of a two-cell SCR model [53]
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where,

~hNH3;1 ¼ hNH3;1 � h�NH3;1
; ð14:44Þ

~hNH3;2 ¼ hNH3;2 � h�NH3;2; ð14:45Þ

~CNH3;2 ¼ CNH3;2 � �CNH3;2 ; ð14:46Þ
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G xð Þ ¼ 1
2

sign �xð Þ þ 1
2
; sign 0ð Þ � 0; ð14:49Þ

K1, K2, K3 [ 0.
The stability of the control law can be proved based on a backstepping analysis

approach. Details of the stability proof process can be found in [53].
The complete SCR control architecture for practical applications is summarized

in Fig. 14.15, which includes the SCR ammonia coverage ratio observer proposed
in Eq. (14.40) (observer 2) and the EKF NOx sensor correction approach discussed
previously.

14.4.3 Experimental Setup

A schematic presentation and a picture of the experimental setup are shown in
Figs. 14.16 and 14.17, respectively, which include: a medium-duty Diesel engine,
Diesel oxidation catalyst (DOC)/Diesel particulate filter (DPF), and two SCR
catalysts in series at downstream of the DOC/DPF. For the emission measurement
system, a Horiba MEXA 7500 gas analyzer was used to measure the tailpipe NOx

emissions. Three Siemens VDO (NGK) NOx sensors and two Delphi ammonia
sensors were used to provide feedback information to the SCR controller and to
monitor the emission levels at different locations as shown in Figs. 14.16 and 14.17.
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The NOx sensors were calibrated with a Horiba gas analyzer up to 1500 PPM and
the ammonia sensors were calibrated with a FTIR up to 500 PPM. Notice that this
experimental setup is to validate the concept of controlling ammonia storage dis-
tribution, and multiple NOx and NH3 sensors are used. The number of sensors used
for SCR control can be limited in real applications due to cost consideration.

Fig. 14.15 Schematic presentation of the controller architecture [53]

Fig. 14.16 Schematic presentation of the experiment setup [53]

14 Diesel Engine SCR Systems: Modeling, Measurements, and Control 445



14.4.4 Experimental Results of US06 Test Cycle

Figure 14.18 shows the engine speed, torque, and SCR temperatures during the
US06 test cycle conducted on a diesel engine motoring dynamometer setup. The
ammonia coverage ratios of the two catalysts are shown in Fig. 14.19. The desired
values of h�NH3;1 and h�NH3;2 were set to 0.3 and 0.6, respectively.

At the time around the four hundredth second, the downstream ammonia
coverage ratio was increased and approached the upper limit (0.3). This increase
was due to the temperature rise which induced an SCR ammonia storage capacity
decrease. In this situation, as can be seen in Fig. 14.20, the controller reduced the
AdBlue injection rate such that the downstream ammonia coverage ratio was
restricted under the limit. In addition, as can be seen in Fig. 14.19, to satisfy the
downstream catalyst ammonia coverage ratio constraint, lower upstream ammonia
coverage ratio was inevitably accompanied. However, by comparing the ammonia
coverage ratios of the two catalysts, the value of the upstream catalyst was always
higher than that of the downstream catalyst, and the constraint of the ammonia
coverage ratio for the downstream catalyst value was also satisfied. Thus, the main
objectives of the ASDC were achieved.

Figure 14.20 illustrates the measured NOx and ammonia concentrations before,
between, and after the SCR catalysts during the US06 test cycle. As can be
observed, with the rich ammonia storage at the upstream catalyst, the engine
exhaust NOx emissions were consistently reduced to low levels even if the engine-
out NOx concentrations varied in a high frequency fashion. A zoom-in figure of the

Fig. 14.17 Diesel engine and aftertreatment system test bench [53]
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ammonia concentrations between and after the SCR catalyst is presented in
Fig. 14.21. As it indicates, the higher ammonia slip from the upstream catalyst can
be reduced by the downstream catalyst. At the time period between 400–500 s,
higher ammonia slip was observed after the downstream SCR catalyst (i.e., at the
tailpipe). This was primarily due to the ammonia storage capacity reduction caused
by the increased catalyst temperature as mentioned before. The SCR ammonia
storage capacity decrease induced a higher ammonia coverage ratio, which caused
faster ammonia desorption rates and higher ammonia slip out of the downstream
catalyst. As can be clearly observed from the ammonia concentration upstream of
the SCR catalysts, the controller was able to reduce the AdBlue injection in this
situation to avoid high ammonia slip from the catalysts. From the measurements, it
can be seen that the tailpipe ammonia slip was reduced after it reached the
maximum value of 20 ppm. The ammonia coverage ratios together with the tail-
pipe NOx and ammonia emissions resumed into the regular ranges after this
transient temperature variation. More details about the experimental validations of
the SCR ammonia storage distribution controller can be found in [53].

14.5 Conclusions

SCR control for mobile vehicle applications has been a great challenge in the
aspects of estimation and controller designs. Some of the major issues, e.g., NOx

sensor ammonia cross-sensitivity, SCR ammonia storage estimation, and SCR
controller design, have been introduced in this chapter, and possible solutions are
addressed. Most of the present solutions have been experimentally validated
(except the observer for ammonia coverage ratio which currently cannot be
directly measured). However, there are still some concerns which make robust and
high NOx conversion efficiency SCR control challenging to be realized in
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real-world vehicle driving. For example, costs of the emissions sensors (i.e., NOx

and NH3 sensors) and uncertainties from urea injection quantity, SCR formulation,
and other measurements. Open problems on sensor reduction and development, as
well as robustness of the control systems still need further research.
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Part VI
Ammonia Supply



Chapter 15
DEF Systems and Aftertreatment
Architecture Considerations

Ryan Floyd, Levin Michael and Zafar Shaikh

As emissions regulations become more stringent, new aftertreatment technologies
are necessary. To assist in the reduction of NOx emissions, liquid-based SCR
technologies have been adopted globally. The most common technique used to
introduce ammonia (NH3) into the exhaust stream is via a dosing system metering
diesel exhaust fluid (DEF). SCR system efficiency relies heavily on how uniformly
the NH3 is distributed across the catalyst face. The challenge of preparing uniform
NH3 mixture includes the following (see Fig. 15.1):

• Spraying atomized urea/water solution (DEF) into a mixing section.
• Interaction between liquid drops and exhaust gas, as influenced by varying gas

velocity and temperature, dosed urea quantity, droplet size, and quantity control
method (pulse width or pulse frequency).

• Decomposition of urea and formation of NH3 and HNCO gaseous compounds.
• Evaporation of water from droplet surfaces and corresponding increase in urea

concentration inside the droplets.
• Uniform mixing of NH3, HNCO, and the remainder of nondecomposed high-

concentration urea particles.

Complete decomposition of urea into NH3 is not possible given insufficient
residence time inside typical mixing spaces found in automotive applications. But
as long as a uniform mix is available at the SCR entry, urea decomposition will
continue in uniform manner inside the SCR. Thus, most attention in developing the
mixing section is devoted to achieving a uniform concentration of gases at the
SCR entry.
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The mixing uniformity challenge has to be met throughout the wide and con-
tinuously varying range of exhaust flow and temperature, which produces vari-
ability of spray dispersion and deflection from its injection angle, resulting in
variability of spray interaction with mixing elements. These phenomena are
influenced by injector performance characteristics that include droplet size, spray
cone-type (filled, hollow, or individual jets), injection angle, as well as injector tip
recess relative to the pipe ID, and gas flow pattern near the spray entry.

The complexity associated with implementing a liquid-based SCR system
increases with more stringent NOx reduction targets. In general, the more stringent
the emissions, the more efficient the SCR system must be. To achieve an efficient
system, aftertreatment geometry, injector technology, dosing rates, and engine
calibration all need to be considered and optimized as a system. Due to their
interactive dependencies, taking a component-level approach to integration will
prove difficult to meet EPA 2010, Euro VI, and Tier IV Final emission regulations.
Because the NOx reduction targets for these regulations are so aggressive (0.27,
0.4 and 0.4 g/kWh respectively), the implementation of SCR technology should be
understood at a system level for maximum efficiency. Having a system level
understanding means that all of the necessary inputs and their interactions have
been considered and will be implemented in a way where they work together to
achieve the NOx reduction goals of the system. Figure 15.2 provides a pictorial
description of the points mentioned above. Understanding the role that each of the
inputs plays with respect to achieving NOx reduction leads to the creation of an
optimized system.

After each input has been identified, the engineering process of creating the
system begins. The best way to optimize the NOx abatement system is to follow a
defined development process. Figure 15.3 outlines a typical systematic NOx

abatement development process. This process requires an in-depth understanding

Fig. 15.1 High-level overview of DEF decomposition mechanism
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of the application being targeted for the NOx abatement system. From this
information, simulation and hardware testing can occur. Both 1D and 3D simu-
lations can provide valuable information relative to creating and optimizing a NOx

abatement system. Although significant benefit can come from simulation work, if
the input values are not accurate and the simulation work is not correlated with
hardware testing, it can lead to wasted time and effort. Once proper correlation has

Fig. 15.2 Requirements for an optimized NOx abatement system

Fig. 15.3 NOx abatement
system development process
flow
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occurred between hardware and simulation, the simulation tools can be used in an
iterative process to improve a design before hardware is built. This correlation may
be necessary for each targeted application. It is not guaranteed that once the
simulation tool correlates to an aftertreatment hardware set, that it will always
correlate to all applications. Simulation programs provide an opportunity to
quickly evaluate designs without the additional costs associated with building
hardware and running engine dynamometer test cells. After the NOx abatement
system has been thoroughly analyzed in simulation, hardware needs to be created
and tested. Hardware testing should be performed in a way that evaluates the NOx

reduction efficiency, deposit formation concerns, and overall system robustness. If
during this process it is shown that the system will not achieve the intended
performance, iterations of the overall design of the system must occur. The sub-
sequent design iterations should begin in the simulation step, with the actual
hardware results being fed back into the models for more accurate simulation
results in the future.

The most critical piece of the development process flow is the initial engi-
neering step. Figure 15.4 outlines the steps associated with the initial engineering
step. Without proper effort during this stage, the project can start down the wrong
path, which can ultimately lead to on-application performance issues. The two
most common performance issues are NOx reduction efficiency and urea deposit
concerns. The three primary steps to initial engineering are defining system goals,
quantifying inputs, and designing the system. The first step related of defining
system goals relates to determining what emission regulation the application needs
to adhere to, what type of DEF delivery system will be targeted, what the NOx

reduction and backpressure targets will be, and others that define the boundary
conditions of the project. The second step, quantifying inputs, relates to retrieving
information specific to the application including but not limited to engine emission
data, allowable packaging space claim for the NOx abatement system and typical
duty cycle usage. The final step related to initial engineering is the creation of the
initial design. The initial design will incorporate the information gained while
defining goals for the system and quantifying the inputs. Incorporating this
information into the design will provide a good starting point for the design prior
to beginning the simulation phase. The more accurate the information feeding the
design, the more robust and representative the design will be.

Following a defined development process will help reduce the amount of time
necessary to complete a full NOx abatement system design and system imple-
mentation. Successfully completing each step will also reduce the risk associated
with in-field failures or issues related to meeting emission certification. Not fol-
lowing a defined process can lead to wasted resources (time, effort, and money)
pursuing designs that will not be able to achieve the desired performance
requirements. The remainder of this chapter will be focused on describing the
primary inputs to an SCR aftertreatment system outlined in Fig. 15.2.
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15.1 Role of Engine and Dosing Calibration

As mentioned previously, DEF is metered into the aftertreatment system to reduce
tailpipe NOx emissions. The amount of DEF that needs to be metered into the
aftertreatment system is part of the dosing calibration. This dosing calibration is
directly linked to the engine calibration. The amount of NOx created during the
combustion process is driven by the engine calibration. Through proper tuning,
the dosing calibration is created in a way to meter the proper amount of DEF into
the system to reduce the tailipipe NOx to meet the targeted NOx level. Figure 15.5
shows how engine calibration and dosing calibration are related to the systemic
approach to designing a robust SCR system.

Determining steady-state dosing quantity is a straightforward process. Although
this process is straightforward, it does not necessarily reflect the dosing quantity
that will be used in the application’s final dosing calibration. The reason for the
difference is that the final dosing calibration will also consider the SCR catalyst
storage characteristics, exhaust gas temperature and targeted reduction to meet the
emission regulation. For the purposes of this section, only the chemistry will be
considered. Equation 15.1 outlines the equation used to determine the ammonia
(NH3) concentration from a given amount of injected DEF. This equation can also
be used to determine the necessary amount of DEF that needs to be injected to
create a certain amount of NH3. Within the equation, MH4N2CO is the molecular
mass of urea, which is equal to 60.0 g/mol. The average exhaust molecular mass is
assumed to be 28.8 g/mol and is denoted as Mexh. Lastly, _mexh represents that mass
flow rate of the exhaust in kg/h.

Fig. 15.4 Overview of the initial engineering step
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NH3 ppm½ � ¼
DEF g=h½ � � 0:325

MH4N2CO
� 2

_mexh � 1000
Mexh

� 106 ð15:1Þ

The amount of NH3 that needs to be injected under a given condition relates to
the targeted ammonia to NOx ratio (ANR). If the ANR is equal to one, then the
amount of NH3 (ppm) should be equal to the NOx concentration (ppm) measured
during the targeted steady-state condition. As mentioned previously, the ANR term
will vary based on engine condition and the chosen catalyst washcoat technology.
Figure 15.6 shows an example of an ANR sweep. An ANR sweep is a steady-state
test where the amount of DEF injected is increased and the NOx reduction and
ammonia slip is measured at the outlet of the SCR. Ammonia slip represents the
ammonia concentration measured that passed through the catalyst without reacting
with the NOx. An ANR sweep is a good tool that can be used to evaluate the
steady-state performance of the system. As shown in Fig. 15.6, as the ANR ratio is
increased, more NOx is reduced while ammonia slip increases.

Fig. 15.5 Role of engine and dosing calibration in SCR system optimization
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15.2 Overview of Injection Technology and Spray Quality

For systems that utilize DEF injection, there are two primary technologies utilized.
One type of doser mixes air with the liquid DEF to create the spray that is
introduced into the aftertreatment system. This type of system is called an air-
assisted system and it utilizes a metering pump and a dumb nozzle. The second
type of system is called an airless system, which utilizes an injector to meter liquid
DEF directly into the exhaust. The focus of this section will be on airless tech-
nology, specifically, two different styles of metering injectors, pressure swirl and
liquid jet. Regardless of the injection technology, two main inputs need to be
understood when implementing it into the system. The two inputs are dosing
quantity and spray quality. Dosing quantity relates to the amount of DEF that
needs to be introduced into the exhaust to reduce the targeted amount of NOx for a
given condition and was covered in Sect. 15.1. Spray quality is associated with the
evaporation and decomposition of the DEF spray droplet as well as how the spray
interacts with the exhaust flow. Figure 15.7 highlights the role of injector spray
quality in an optimized SCR system design.

While spray quantity is important to achieving NOx reduction performance, it is
independent of the type of injector technology chosen. Instead, spray quality is a
primary metric used in determining the injector and mixing technology that is
used. Spray quality is a measure of the size, speed, and pattern of the DEF droplets
that enter the exhaust stream. Two types of test equipment used to quantify spray
quality are shown in Fig. 15.8. The piece of equipment shown on the left of the

Fig. 15.6 ANR sweep example
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picture is a Phase Doppler Particle Analyzer (PDPA) and the piece of equipment
on the right is called a patternator. The PDPA is able to provide droplet size, spray
angle, particle concentration, droplet distribution, droplet measurement count, and
velocity values. These values are measured using light refraction of the droplets
that pass through an intersecting laser probe volume during a set period of time.
A patternator is used to identify the spray pattern created by an injector as well as

Fig. 15.7 Role of injector spray quality in SCR system optimization

Fig. 15.8 Spray quality measurements equipment. Left PDPA. Right Patternator
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identifying the spray angle, roundness of the spray pattern, and skewness associ-
ated with the spray. Each piece of equipment provides valuable information
needed to describe the spray quality of a given injector.

Not only are these tools important for injector development, they also provide
critical information used as inputs for computational fluid dynamics (CFD) anal-
ysis. As mentioned previously, simulation plays a critical role in SCR system
development. The more accurate the measurements are while quantifying an
injector’s spray quality, the more accurate the simulated spray quality will be
which will in turn give better correlation between simulation and hardware testing.

There are multiple spray measurements used to quantify an injectors spray
quality. Some of these measurements include D10 (arithmetic mean), D32 (Sauter
mean diameter), D31 (evaporative mean diameter), Dv0.9, and droplet distribution
curve. Figure 15.9 provides a description and equation used to calculate SMD,
D10, and D31. Figure 15.10 shows a typical droplet distribution curve with an
overlay to show the Dv0.9 calculation. The Dv0.9 value represents the point where

Fig. 15.9 Spray quality calculations—SMD, D10 and D31

Fig. 15.10 Spray quality calculations—droplet distribution curve and Dv0.9
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90 % of the measured spray has less than the measurement reported for the Dv0.9
value. This description also applies to Dv0.1 (10 %) and Dv0.5 (50 %)
measurements.

To provide clarity when calculating Sauter mean diameter (D32), an example
has been provided below. The SMD measurement represents a one number
descriptor used to compare different sprays and is considered industry standard for
comparing spray quality. Table 15.1 provides a truncated sampling of a hypo-
thetical spray. For this example, whole numbers are used to signify the number of
droplets counted for a given diameter measurement. This data can be used to
calculate the SMD for the example outlined below. Equations 15.2–15.4 show an
example of how to calculate SMD based on the data provided in Table 15.1.

P
niD3

iP
niD2

i

ð15:2Þ

12 � 253½ � þ 50 � 453½ � þ 150 � 653½ � þ 32 � 853½ � þ 40 � 1053½ �
12 � 252½ � þ 50 � 452½ � þ 150 � 652½ � þ 32 � 852½ � þ 40 � 1052½ � ð15:3Þ

SMD ¼ 79 lm ð15:4Þ

The information provided during the spray characterization process can be used
to evaluate different injector technologies. The following examples are a com-
parison between a commercially available liquid jet style injector and to a pressure
swirl style injector. Both injectors fall into the category of an airless injector. The
liquid jet injector has three holes that the DEF is injected through whereas the
pressure swirl injector only has one hole that the spray flows through. Figure 15.11
shows a side-by-side comparison of the patternator measurements collected. These
measurements were made 49 mm from the exit of the injector. The plot for the
pressure swirl injector shows that the spray created is a uniform circle with the
highest concentration of droplets measured at the center of the spray. The liquid jet
injector shows that the highest concentrations of the droplets are measured within
the three jets.

Along with the patternator data, the PDPA was used to measure the droplet
sizes and velocities. Like the patternator measurements, PDPA measurements
were made 49 mm from the outlet of the injector. Figure 15.12 shows the velocity
measurement as the measurement probe volume of the PDPA traversed axially
through the spray cone. This means that the left side of plot represents the left side

Table 15.1 Sample spray
quality measurement

Diameter measured (lm) Count

25 12
45 50
65 150
85 32
105 40
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of the spray and the right edge of the plot represents the right edge of the spray.
For the pressure swirl style injector, the average velocity measured 49 mm from
the injector exit is relatively consistent across the entire spray cone. For the liquid
jet injector, the measurement probe volume was intentionally traversed through
two of the three jet streams. For this injector, it was found that the individual jet
streams had the highest concentration of drops (Fig. 15.11) and that these drops
have a higher velocity than the other drops in the spray. The penetration of the
droplets into the exhaust stream is based on the relationship between the droplet
velocity and the exhaust gas velocity. This relationship quantifies whether or not
the spray will impact the exhaust pipe walls (or the mixing element) and will be
addressed further in the mixer determination section below.

Lastly, droplet distribution curves and droplet size characteristic measurements
were made for each of the sprays. Figure 15.13 shows the droplet size charac-
teristics for the pressure swirl injector and Fig. 15.14 shows the droplet size
characteristics for the liquid jet injector. The droplet size distribution is shown in
both a cumulative and normalized sense. The cumulative volume fraction is used
to determine Dv0.1, Dv0.5, and Dv0.9 measurements. The calculated values for
D10, D31, and SMD are also shown on each plot. In general, the pressure swirl
injector analyzed had a tighter distribution of injected droplets. The tighter dis-
tribution means that there are fewer larger droplets measured, which create smaller
values for all of the key droplet characteristics, measured (D31, D10, Dv0.1, Dv05,
Dv0.9, and D32).

Spray quality plays a critical role in system level performance. Regardless of
the doser technology chosen, a thorough understanding of the developed spray
characteristics is required to begin to model system level interactions. The spray
interaction with the exhaust gas flow is the first portion of the DEF system per-
formance described earlier in Fig. 15.1. Integrating good spray quality into an
optimized SCR system design reduces the risk that the overall system will have
issues related to droplet impingement, incomplete decomposition, or deposit
formation.

Fig. 15.11 Spray quality comparison—Patternator

15 DEF Systems and Aftertreatment Architecture Considerations 465



Fig. 15.12 Spray quality comparison—droplet velocity

Fig. 15.13 Spray quality comparison—droplet size (pressure swirl injector)

Fig. 15.14 Spray quality comparison—droplet size (liquid jet injector)
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15.3 Overview of SCR System Mixing Devices

Mixing devices are used in SCR aftertreatment systems to improve system per-
formance. Figure 15.15 shows the role of mixer determination in the SCR system
design process. The type of mixer chosen, and how it is integrated into the
aftertreatment system, can help improve system performance by improving SCR
uniformity and reducing the risk of deposit formation due to incomplete DEF
decomposition. Improper integration of a mixing element can hinder system
performance and introduce deposit formation concerns.

There are multiple types of mixing devices used in current production SCR
systems globally. For the purposes of this section, the focus will be spent on three
different types of mixers; a 2-stage mixer, an in-pipe style mixer, and a swirl style
mixer (Fig. 15.16). Each of these styles performs well under certain applications
and operational duty cycles, and not so well in others. Along with mixer type,
injector placement and injector mount geometry also needs to be considered when
designing the mixing portion of the decomposition tube. The decomposition tube
is considered as the portion of the aftertreatment system from the injector to the
mixer outlet. Although decomposition continues to occur after the mixing unit, the
section immediately following the mixing unit will be called the mixing tube.

Fig. 15.15 Role of mixer determination in SCR system optimization
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Attributes of a well-designed mixing/decomp tube include shortening allowable
decomposition/mixing length, reducing DEF consumption and managing lower
temperature applications. Figure 15.17 shows an example of how the proper use of
a mixing device can help reduce DEF consumption and improve NOx reduction
efficiency. The original system had a nonoptimized mixing solution present.
Following the defined process outlined in Fig. 15.3, the system now required a
lower dosing rate (under the steady state test point tested) to achieve the same
amount of NOx reduction. It is important to understand that from a chemical
perspective, the mixing device chosen will not help create additional ammonia.
Instead, this example is highlighting the fact that optimizing the mixer selection
and location will improve the velocity and species uniformity on the inlet of the
catalyst, thereby increasing the amount of catalyst used.

The primary goal of system optimization is to achieve high velocity and species
uniformity at the inlet of the SCR. Having high velocity uniformity means that the
gas flowing through the SCR catalyst is well distributed. A high species uniformity
means that the concentration of the species (ammonia and isocyanic acid) are
evenly distributed across the SCR inlet. Equation 15.5 provides how to calculate
uniformity where X is the variable being measured, A is the total area of the
catalyst sampled and Ai is the area of each individual node measured within the
overall area.

c ¼ 1� 1
2

Xn

i¼1

Xi � Xmeanj jAi

AXmean

ð15:5Þ

Without good distribution, the SCR system will be prone to increased DEF
consumption, decreased NOx reduction, and increased NH3 slip (Fig. 15.18).
Although Fig. 15.18 shows a comparison between a no mixer scenario and to an
SCR system with a mixer, the trend will remain true for a system with an opti-
mized mixing solution compared to one without an optimized mixing solution.
Therefore, it is important that care is taken when determining a mixer for an
application as well as how the mixer is implemented.

Fig. 15.16 Mixer designs, 2-stage (left), in-pipe (center) and swirl style (right)
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A primary concern with mixing devices is the increase in backpressure asso-
ciated with implementing a mixing device. The trade-off between mixing effi-
ciency and backpressure are key factors in designing the decomposition tube.

Fig. 15.17 System optimization through mixer integration

Fig. 15.18 The role of efficient mixing in SCR systems
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In general, higher mixing efficiency (turbulence after the mixer) produces higher
backpressure. Figure 15.19 provides a backpressure versus mixing performance
(NOx reduction efficiency uniformity) for the butterfly mixer shown in Fig. 15.16.
The aggressiveness of the angles of the blades has been adjusted to improve
species uniformity at the SCR inlet. As shown in Fig. 15.19, the steeper the angle
of the blades, the greater the backpressure as well as the greater the mixing
efficiency.

After the type of mixer has been determined and the applications backpressure
requirements are understood, the mixer placement needs to be determined. For this
step, a CFD program can be used to determine the ideal position for the mixer.
Using a CFD program will require having accurate information related to the duty
cycle of the application as well as the injector that will be used. The interaction
between the energy of the injected DEF spray and the energy of the exhaust will
determine the penetration distance of the spray. Figure 15.20 shows an example of
spray droplet penetration and the mixer position. As observed in the picture on the
left, without a mixer, the droplets would penetrate through the exhaust flow and
impede on the exhaust pipe wall on the opposing side of the injector. Doing this,
can lead to issues caused by the DEF impinging on the exhaust pipe wall and
locally cooling the surface. Once the exhaust pipe is cooled, the system has the
potential to form urea-based deposits. For this reason, a picture on the right shows
the position of the mixer placement to ensure that the injected DEF does not
impinge on the exhaust pipe wall and instead properly impinges on the 2-stage
mixing device.

Mixer placement is not only limited to reducing the potential for impingement
on the exhaust pipe, but it also needs to meet the backpressure, velocity, and species
uniformity targets. To do this effectively, the engine conditions need to be under-
stood. The primary engine outputs that need to be considered are exhaust mass flow

Fig. 15.19 Backpressure
versus mixing performance
trade-off curve—butterfly
mixer
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rate, exhaust gas temperature, and NOx concentration. Using this information, the
CFD model will be accurate and the dosing quantity can be calculated. Addition-
ally, mixer placement cannot be based only on one engine condition. Multiple
conditions need to be evaluated in order to fully understand mixer impingement and
system performance. Evaluating the system at both low and high mass flow, rate
conditions provides valuable information relating to how the injected spray will
impinge on the mixer. Figure 15.21 shows the proper configuration for the 2-stage
mixer. Under the low flow rate condition (left), the droplets penetrate through the
gas stream and impinge on the bottom layers of the mixer. During high flow rate
conditions (right), the droplets still impinge on the mixer. Moving the mixer too far
away from the injector increases the risk of the injected spray penetrating through
the exhaust and creating the increased potential for DEF pooling on the inside of the
exhaust pipe causing urea deposit formation.

15.4 SCR System Mixing Devices: Ford Practical Example

Mixing space limitations in exhaust systems of Ford diesel trucks imposed a
difficult set of design constraints. At the same time, fixed injector design param-
eters (injection pressure, spray angle, droplet size, etc.) and some combinations of
exhaust flow and temperature resulted in very short residence times (below 20 ms)
for droplet evaporation and urea decomposition.

Fig. 15.20 Mixer placement example—2-stage mixer

Fig. 15.21 Mixer placement example—2-stage mixer impingement: Low flow (left), high flow
(right)
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To achieve the required NOx conversion efficiency with these constraints, a
single uniformity target for all operating conditions was needed. A series of engine
tests was run to determine an effect of mixing uniformity on NOx emissions.
Various mixer designs were tried and produced the data summarized in Fig. 15.22.
Here the NOx conversion efficiency is plotted as a function of mixing uniformity.
As the result of the mixer selection process it became possible to meet the NOx

conversion target of 90 % only when uniformity levels were greater than 95 %. To
achieve this high level of uniformity, new NH3 sampling and data analysis
methods were developed, as described in the following sections.

To evaluate urea mixing quality, a new test rig was designed and built. The rig
allowed collection of 37 ammonia concentration values in about 1 h. The values
were collected at the end of the mixing section followed by a short flow-
straightening element (Fig. 15.23). A rotating sample probe was designed with a
minimal resistance to the gas flow. The data was organized to produce a circular
pattern that showed sensitivity to an interaction between the atomized liquid and
the gas flow.

The new sampling technique reduced reliance on CFD modeling that, with
numerous hardware changes, became more time-consuming and not sufficiently
accurate in predicting local gas concentrations. The high-cost engine dynamometer
testing was reserved for the rig data validation.

Initial analysis of uniformity was based on the industry-wide uniformity index
known as the gamma value. The index is generally expected to take into account
local concentration values anywhere within the studied gas flow area. However,
when compared to changes in uniformity pattern produced by various mixers, the
index was not sufficiently sensitive to certain types of nonuniform distribution
resulting in overly optimistic values.

This led to the need to describe uniformity patterns produced by various mixers,
and to characterize these patterns in some way. The rotating probe produced data
that could be grouped according to the three diameters resulting from rotation of
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probe cell centers. This made it easier to relate uniformity patterns to the round
cross-section of the SCR inlet.

The technique was sufficiently sensitive to small changes in uniformity and
became a useful tool for continuous improvement of mixing hardware. It allowed:

• Faster comparison of mixing hardware designs and selection of best
configurations.

• Fine tuning of mixing hardware within particular mixing section packaging
constraints.

• Good correlation of rig uniformity data with engine and vehicle NOx reduction
data.

The uniform mixing (with 95 % gamma or better) was achieved with a 2-mixer
approach, using a pre-mixer and a gas mixer, both located downstream of the
dosing injector. The spray direction was chosen to form a 45� angle with exhaust
flow (Fig. 15.24). The functions of the two mixers were as follows.

Fig. 15.23 Rotating
sampling probe

Urea Injection atomization
(80-100 microns)

Atomizer to redirect, disperse
and breakup droplets 

(40-60 microns)

Helical gas mixer capable 
of mixing gases and small

droplets

Fig. 15.24 Ford 2-mixer system
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The pre-mixer contained a multitude of spray impingement plates to enable the
following:

(a) Redirect spray to align it with exhaust flow,
(b) Disperse liquid drops, and
(c) Facilitate a breakup of urea droplets (secondary atomization).

The width, spacing, and angle of impingement plates were optimized to
improve these functions. The angle was adjusted to make the droplets arrive at the
center of the main mixer within the variability of the impingement footprint at the
mixer entry. The spacing and the width prevented spray breakthrough, so that none
of the droplets could pass through the atomizer without being deflected and land at
the bottom of the pipe (Fig. 15.25).

The main helically shaped gas mixer (auger mixer) was placed downstream of
the atomizer to mix the gaseous fractions and the remaining small drops with
exhaust gas. Avoiding reduction in the pipe diameter, allowed achieving the target
uniformity levels without exceeding backpressure targets. The helix pitch and the
location of the mixer were optimized as a compromise between the space con-
straints, the uniformity and the backpressure targets.

15.5 Aftertreatment Architecture

The aftertreatment architecture describes the geometry of the decomposition tube,
the aftertreatment configuration upstream of the dosing unit, the aftertreatment
configuration after the dosing unit (including the mixer), and the catalyst.
Figure 15.26 shows the role of aftertreatment architecture in an optimized system
design. Like the mixer, the overall geometry of the aftertreatment architecture can
either improve system performance or cause system level problems.

Fig. 15.25 Spray impingement, re-direction and breakthrough
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Because available packaging space and representative duty cycles are not
identical between applications, injector mount geometry needs to be optimized
based on the targeted application. Figure 15.27 highlights three potential injector
mount configurations. The mount on the left is a two-piece stamped design where
the injector is recessed from the centerline of the exhaust. This type of configu-
ration has been traditionally utilized in many on-road EPA 2010 compliant
applications. Benefits of this configuration include reduced temperature at the
outlet of the injector as well as increased distance from the injector to the mixer.

Fig. 15.26 Role of aftertreatment architecture in SCR system optimization

Fig. 15.27 Potential injector mount designs
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A potential disadvantage of this configuration is an increased potential for exhaust
gas recirculation leading to urea deposits in the injector mount housing. The mount
geometry in the center is called the inverted mount. The inverted mount moves the
injector closer to the centerline of the exhaust gas by placing a V-shape in the
exhaust pipe. This type of configuration helps to create flow separation and
reduces the potential for deposits in the exhaust mount. Some potential disad-
vantages include a decreased distance from the injector to the exhaust pipe wall on
the opposite side of the injector as well as an increased injector temperature and
increased exhaust backpressure. The final design layout is considered an elbow
style design. This type of design is prevalent on nonroad applications as well as
heavy-duty on-road vehicles. The advantage of an elbow style mount is that the
injected DEF is sprayed co-axially into the exhaust stream. This reduces the risk of
droplet impingement on the exhaust pipe wall opposing the injector.

After an injector mount geometry and mixer has been determined for an
application, the interaction between the pieces needs to be considered and
understood. As mentioned in Sect. 15.4, the mixer needs to be placed in a location
to achieve the greatest performance at all of the potential operating conditions.
Figure 15.28 provides a cross-section of an elbow design with a 2-stage style
mixer.

The point of injection defines the distance from the injector outlet to the mixer
face (also called the decomposition portion). The distance from the outlet of the
mixer to the face of the substrate is called the mixing pipe. Both of these
dimensions, as well as the injector mount geometry chosen, has to be evaluated
based on the available packaging space for the given application.

For most applications, the ideal aftertreatment geometry and routing will not fit.
Because of this, an applications available packaging space needs to be considered
when designing the aftertreatment system and integrating the dosing system.
Packaging space refers to the allowable area that the aftertreatment fits in.
Figure 15.29 provides an example of incorporating aftertreatment design into the
available application packaging space for an on-road heavy-duty truck. For this
application, there was limited space to incorporate an aftertreatment system con-
sisting of a DOC, dosing system and SCR. To achieve this configuration, an elbow
style system was configured to meet the packaging space and performance
requirements. A trade-off analysis was performed between temperature loss
against system complexity. This trade-off analysis is required in system design
because of the chemistry constraints related to temperature. At lower temperatures,
reduced DEF decomposition occurs, there is reduced NOx reduction efficiency due
to SCR catalyst washcoat inefficiencies and there is an increased probability of
urea deposit formation.

Incomplete decomposition of DEF can lead to deposits within the aftertreat-
ment system. These deposits can have a negative effect on the overall performance
of the system as well as the longevity of the application. Figure 15.30 shows the
DEF decomposition reactions that occur in the exhaust stream. Along with the
primary reactions that produce the NH3 necessary for reducing NOx, there is
potential for incomplete decomposition leading to deposit formation. The chemical
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composition of the deposit depends on exhaust conditions and the amount of DEF
decomposition that occurs. These deposits can be urea-based or isocyanic acid-
based. Urea-based deposits include biuret and ammeline. If the urea makes it
through the thermolysis reaction, the isocyanic acid that is created can also form
unintended deposit byproducts. Examples of isocyanic acid-based deposits include
cyanuric acid, ammelide, and melamine. These deposit formations occur under
different conditions and can be mitigated in different ways.

Incomplete DEF decomposition leading to deposit formation is a condition that
needs to be avoided and mitigated whenever possible. Multiple approaches can be
taken in order to identify and address deposit formation concerns. In the early
stages of SCR system development, it is critical that deposit risk is understood. To
do this, an applications typical operating conditions and duty cycles need to be
understood. For some applications, understanding the typical duty cycle is
straightforward. On-road vehicles would fall into this category because

Fig. 15.28 Cross section of elbow style injector mount decomposition tube

Fig. 15.29 Packaging space considerations
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aftertreatment systems typically are designed for one application and that appli-
cation has a similar daily duty cycle. Complexity comes for nonroad applications.
This complexity exists because oftentimes for nonroad applications, there is an
engine manufacturer that either provides engines to various machine groups or has
loose engine sales. The aftertreatment is then sold with these engines and installed
into many different machines. For this reason, nonroad aftertreatment systems
traditionally need to be modular in order to adhere to the requirements of the
various applications. These applications not only vary by packaging space but also
relative duty cycles. With each machine operating differently, the type of deposit
mitigation cycle chosen needs to be robust enough to encompass all of the
potential uses.

Once a deposit mitigation test cycle has been established and deposit mapping
occurs, a deposit mitigation strategy can be implemented. Figure 15.31 shows an
example of a reversible deposit and the effect the deposit has on system level
backpressure. The test was performed at a steady state test condition where the
temperature was held constant at approximately 450 �C over a 3.6 day period.
During the test, depositing was monitored, and it was found that the deposits
would meet a point of equilibrium and then decompose. This was observed with an
increase in backpressure measured. Because of the adverse effect of backpressure
on system performance, an active mitigation strategy would be needed to manage
the risk of deposits within the application.

One type of deposit mitigation technique is active deposit sublimation. An
active sublimation strategy increases the exhaust gas temperature so that the solid
urea deposits turn back into the gaseous phase. Doing this reduces the performance
impact caused by the deposits that had occurred in the aftertreatment. Along with
an active sublimation strategy, adjusting engine and dosing calibration can also
provide a viable deposit mitigation solution. Table 15.2 shows four potential test
conditions. Test condition 3 had a 25 �C increase in temperature and a 20 %

Fig. 15.30 Incomplete DEF decomposition leading to deposit formation
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reduction in dosing rate in comparison to test condition 2. Figure 15.32 shows a
side-by-side comparison of the two mixers after test conditions 2 and 3. The minor
calibration modifications between test conditions 2 and 3 reduced the deposit
accumulation by 62 %. The fourth test condition increased the exhaust gas tem-
perature, similar to the active sublimation strategy outlined above, which removed
all of the deposits that had accumulated.

A systematic approach is necessary for successful implementation of a liquid-
based SCR system. Without a systematic approach, the application runs the risk of
exceeding established budgets, missing timing, forming deposits, and not meeting
NOx reduction targets. Through these predefined steps, an SCR integration exer-
cise will create a robust system.

15.6 Deposit Mitigation: Practical Example

Ideally the injected liquid should not come in contact with any surfaces and remain
airborne until a complete decomposition of urea into ammonia. However, mixing
space constraints and injection design parameters make that impossible.

Fig. 15.31 Role of deposit formation on aftertreatment system backpressure

Table 15.2 Deposit mitigation test conditions

Test condition Exhaust mass flow rate
(kg/h)

Temperature (�C) Dosing rate
(g/h)

Decomp tube
deposits (g)

1 250 200 150 12.2
2 700 200 1200 19
3 700 225 960 7.3
4 400 500 0 0
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Nevertheless, the contact could be limited to mixer surfaces near the center of the
pipe having the highest temperatures. The onset of deposits formation will then be
determined by surface temperature, exhaust gas enthalpy, and the dosed quantity [1].

The quantitative measurement of deposits can be based on weighting the
mixing section parts before and after a test to record the deposits mass growth rate.
Figure 15.33 shows typical deposits formation patterns on the surfaces of both
mixers.

The dosing rate restrictions protect the aftertreatment from an excessive deposit
accumulation inside the urea mixing section. If remained unchecked, an excessive
deposit growth may lead to an increase in the exhaust back pressure and a dete-
rioration of urea mixing quality. Higher back pressures would negatively impact
engine performance, and poor mixing would reduce NOx conversion efficiency of
the SCR catalyst.

Fig. 15.32 Impact of calibration modifications on mixer depositing

Pre-mixer exit   
(viewed upstream)

Mixer entry
(viewed downstream)

Fig. 15.33 Deposits formed
on both mixers
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At lower exhaust temperatures typical for city driving, deposits could be
forming in excess of 2 g/h rate. As exhaust gas and surface temperatures increase,
the formation rate drops below 2 g/h, and most deposits form on the pre-mixer
(Fig. 15.34). This is preferred, as these surfaces have higher average temperatures,
which slows down the deposits growth and makes it easier to burn them off during
DPF regeneration events.

In addition to measurements of exhaust gas temperature at various locations,
knowing exhaust wall temperatures allows to gain better understanding of deposits
formation pattern. For each cross-section of interest the wall temperatures were
recorded at four rotational positions, 90� apart.

The wall temperature reduction relative to the gas centerline temperatures at the
SCR entry are summarized in Fig. 15.35. The data were collected at deposits rate
of 1 g/h for 200, 600, and 1000 kg/h air flow. The wall temperature reduction is
much higher (lower wall temperatures) at lower exhaust flows that allow for more
droplet residence time resulting in more evaporation of the liquid fraction. The
evaporation is also helped by smaller amount of liquid in the mixing section to
form the same amount of deposits. The delta_T is increasing with gas temperature
at all exhaust flows. The magnitude of the delta_T and the rate of rise as a function
of exhaust temperature diminish at higher exhaust flows, where heat content is
greater.

All tests described here were conducted at room-temperature ambient condi-
tions. The wall temperatures are lower at cold ambient conditions leading to higher
deposits formation rate.

In addition to deposits formation on mixer surfaces, deposits can also form on
the injector tip [2]. For recessed injector mounts the gas temperature near the tip is
much lower compared to the exhaust centerline temperature, thus the tip deposits
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composition is mostly urea crystals. Consequently, the burn-off temperature for
deposits removal does not have to approach DPF regeneration temperature. Still
excessive accumulation at the tip threatens to degrade the spray quality and par-
tially block the spray orifices.

To avoid excessive deposits a tip protector can be used (Fig. 15.36). It consists
of a gas diverter that directs a small part of exhaust flow to the vicinity of the tip
and toward a sleeve. The gas flows around the sleeve outer diameter toward the tip
and turns around to create a cylindrical gas shield around the spray. The shield
prevents gas recirculation into the recessed area, which would cause the smallest
droplets to land on the tip and other surfaces inside the recess cavity. The green
arrow represents the location where the injector would be mounted.

The effectiveness of the tip deposits protection is evident from Fig. 15.37. For
the case on the left the near-tip temperature (NTT) is 86.6 �C, with the DOC_out
temperature at 300 �C (for the gas flow of 200 kg/h and urea dosing at 150 mg/s).

Fig. 15.35 Wall temperature reduction at SCR entry

Fig. 15.36 Deposits tip
protection
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The white deposits are threatening to cover three spray orifices. The photo on the
right shows a substantial reduction of deposits, and a higher NTT of 125.5 �C. The
higher NTT did not increase the tip internal temperature above the manufacturer
specified limit.

15.7 Concluding Remarks

Based on its early adoption into the European market, DEF metered SCR has
become the preeminent global NOx reduction technology. Lessons learned from
on-road applications should be incorporated into nonroad applications as well as
future high efficiency SCR systems. In order to meet these new system require-
ments, a structured approach to SCR integration should be taken (as outlined
above), which has been proven through many applications that are in production
globally and supported by the practical examples provided by Ford Motor Com-
pany. By following a structured approach, superior NOx reduction performance
and robust deposit response can be achieved.
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Chapter 16
Ammonia Storage and Release in SCR
Systems for Mobile Applications

Daniel Peitz, Andreas Bernhard and Oliver Kröcher

16.1 Introduction

The SCR reaction requires ammonia for the reduction of nitrogen oxides. While
compressed or liquefied ammonia is used for the supply of ammonia in stationary
applications, the odorous ammonia gas had to be replaced in mobile SCR appli-
cations by an ammonia precursor compound for the safe storage and reliable
release of ammonia in the right quantities and right dynamics. Thus, significant
innovation was needed before mobile SCR systems could be realized, even though
commercial operation of ammonia SCR systems in coal power plants ([250 MW)
started already around 1980 [1]. After the invention of HC-SCR for mobile NOx

sources, to avoid handling NH3 [2], and the discovery of cyanuric acid as a safe
NH3 storage compound, [3] urea was proposed as a storage material for NH3 in
1988 [4]. By then, urea was already known to work as an NH3 precursor for SCR
in stationary applications for 3 years [5]. First results on mobile urea-based SCR
were publically presented in 1990, already showing NOx conversions above 90 %
from 250 �C at gas hourly space velocities (GHSV) of 12,900 h-1 [6]. The first
patented mobile applications of urea solutions for SCR were registered in 1990 [7].

Due to the large-scale production of urea as a bulk commodity, it is readily
available in large quantities. Since the involved reactants CO2 and NH3 needed for
urea synthesis are bulk chemicals that are produced directly from air and natural
gas, using the well-known industrial Haber–Bosch process, urea can be produced
at a low price [8]. Also, urea is nontoxic, noncorrosive and can easily be handled
as aqueous solutions, such as a 32.5 wt % solution with the trade name AdBlue�.
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Usually, urea solution is directly dosed into the main exhaust pipe, where it
decomposes due to the elevated temperature and on the SCR catalyst to yield the
actual reducing agent NH3 [9, 10]. These advantages have made urea the most
important NH3 precursor compound used today for the DeNOx aftertreatment of
Diesel exhausts by SCR.

However, some challenges related to the use of urea remain. Urea solution is
more difficult to dose and to mix with the exhaust gas than NH3 gas-urea may
decompose incompletely, form deposits and even deactivate the SCR catalyst
[11–13]. These issues are subject of ongoing research and will be treated in
Sect. 16.2.

Furthermore, the NH3 storage density of AdBlue� solution is only one-third
compared to liquefied NH3, the freezing point of -11 �C is too high to reliably
avoid freezing in many parts of the world [14] and the stability when stored at
elevated temperature is limited [15]. Improved NH3 storage density, freezing and
storage stability can be achieved by using alternative NH3 storage compounds,
which will be treated in Sect. 16.3.

16.2 Urea as Ammonia Precursor Compound

16.2.1 Solid Urea

The NH3 storage density (gravimetric and volumetric) of solid urea is very high,
but the dosing is technically challenging. In order to release all the stored NH3,
urea needs to be contacted with a catalyst, and this is quite difficult to achieve
during dynamic operation of a vehicle [16]. In order to dose solid urea, urea is
pressed into spherical pellets of defined diameter. The pellets are then dispensed
from the storage tank by a star feeder [17] and shot onto a hydrolysis catalyst-
coated heated plate using pressurized air [18]. The catalyst-coated plate constituted
an external reactor in a bypass flow of the main exhaust for the conversion of solid
urea to NH3 gas [19]. Later modifications of the reactor place the unit in the main
exhaust pipe, downstream of an oxidation catalyst, in order to harvest heat from
the exhaust gas for the decomposition of the dosed urea, rather than using solely
electric heating [20].

Still, the handling and dosing of solid urea in mobile SCR systems remains
complicated, as small amounts of solids are hard to dose as dynamically as the
NOx emissions from the engine varies [16]. Handling is made even more difficult
by the high deliquescence of solid urea, which easily transforms the single solid
urea pellets into larger aggregates of solid urea that no longer pass the solid
transfer sections [21].
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16.2.2 Urea Solution

In order to simplify the dosage of urea into the main exhaust pipe, urea-water-
solutions (UWS) were introduced. A concentration of 32.5 % (by mass) urea in
H2O was chosen for mobile applications as a standardized solution due to the
eutectic nature with a melting point of -11 �C. The trade name AdBlue� was
introduced in many countries, in others the solution became known as Diesel
Exhaust Fluid (DEF) or as Aqueous Urea Solution (AUS) [22]. For the exhaust gas
aftertreatment of Diesel engines in large ships a more concentrated solution of 40 %
urea is used, as the stored urea solution is not exposed to low temperatures in the
ship’s engine room. As the temperature in many parts of the world falls regularly
below -11 �C in winter, the AdBlue� tank of vehicles must be equipped with a
heating system. Most frequently, the heating system is a combination of electric
heating and a heat exchanger drawing off heat from the engine cooling fluid [23].
High-temperature stability of AdBlue� is also restricted, as urea in the aqueous
solution will start decomposing, thereby building up pressure in the storage tank.
AdBlue� containments and transport lines are not generally certified to withstand
pressures higher than 50 mbar relative to ambient pressure. However, AdBlue� in a
sealed vessel will build up a pressure of 70 mbar under storage at 40 �C. The shelf
life when stored between 30 and 35 �C is reduced to just 6 months [23].

The easy release of NH3 from the precursor compound clearly becomes a
disadvantage for the application of AdBlue� in Mediterranean up to tropical areas.

The NH3 storage potential of AdBlue� amounts to 0.201 kg/L (0.184 kg/kg)
NH3/solution [22] compared to solid urea with 0.567 kg/kg (0.749 kg/L solid
block or 0.42 kg/L pellets).

Since the commercial introduction of AdBlue� in 2004 [24], it has been
adopted worldwide for heavy-duty applications of Diesel engines equipped with
SCR systems, and is considered the most promising system for the Diesel engine
passenger car market [25].

16.2.3 Urea Thermolysis and Evaporation

As urea is the predominant NH3 precursor compound, its decomposition will be
discussed in detail. In general, urea decomposes in the hot exhaust gas via a two-
step reaction to yield the actual SCR reducing agent NH3 [9].

Urea thermolysis: CO(NH2)2 ? NH3 ? HNCO
Isocyanic acid hydrolysis: HNCO ? H2O ? NH3 ? CO2

Overall reaction: CO(NH2)2 ? H2O ? 2 NH3 ? CO2

Before these chemical reactions occur, the dosed UWS aerosol is heated up by
the surrounding exhaust gas and the contained water evaporates. The exact state of
aggregation of urea during decomposition is still uncertain [26, 27]. Two recent
theoretical studies [28, 29] relying on experimental data [30–33] point toward urea
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evaporation from liquid aerosols and decomposition in the gas phase. However,
another recent study supposed the mentioned chemical reactions take place in solid
aerosols [34].

Urea thermolysis is usually considered a solely thermal reaction, whereas the
intermediate isocyanic acid (HNCO) is stable in the gas phase but hydrolyzes on
the SCR catalyst or on a dedicated hydrolysis catalyst [9]. Catalytic reactions will
be discussed later; this section is focusing on thermal decomposition.

Back in 1966, Schmidt described a process to thermolyze urea into NH3 and
HNCO gas on an industrial scale [35]. In this process, solid urea was blown into a
fluidized bed of inert material, which was heated above 300 �C. The produced
HNCO gas was used for melamine synthesis.

HNCO is stable in the gas phase at conditions relevant for SCR [9], but is
highly reactive with respect to byproduct formation in the condensed state [36].
Figure 16.1 shows a reaction scheme for urea decomposition, including the two
byproducts biuret and cyanuric acid which are formed first [37].

Basic investigations of urea thermolysis, including the formation and decom-
position of byproducts, have been performed using thermogravimetric analysis
(TGA) and/or differential scanning calorimetry (DSC) [11, 13, 36, 38]. The DSC
data consistently show a sharp feature at 133 �C, the melting point of urea. Further
features strongly depend on experimental conditions, like the type of sample
administration [11, 38].

Typically, solid urea was administrated in a crucible. Inside a crucible, volatile
compounds produced within the urea melt have to reach the surface of the liquid,
desorb to the gas phase, and finally leave the crucible by gas diffusion and con-
vection. The slow mass transport of gaseous compounds to leave the crucible leads
to long residence times of, e.g., the reactive HNCO inside the crucible, resulting in
extensive byproduct formation [11]. Since HNCO is consumed during byproduct
formation, the observed HNCO concentration in the gas phase is largely reduced
compared to the NH3 concentration below 300 �C [11, 38]. On the other hand,
mainly HNCO is observed in the gas phase above 300 �C due to cyanuric acid
decomposition [11, 38]. In addition to experiments using a crucible, Lundström
et al. [10] performed DSC experiments with cordierite monoliths, impregnated
with urea [38]. Due to the large monolith surface, HNCO desorption was faster
than cyanuric acid formation, resulting in virtually similar curves for the gas phase
concentration of NH3 and HNCO.

Improving the mass transport further by increasing the space velocity and
decreasing the amount of urea on the monolith relative to the gas flow through the
channels, allows urea evaporation to be even faster than urea thermolysis [39]. In
other words, the urea evaporated in the temperature programmed desorption (TPD)
experiments, before the temperature was high enough for urea thermolysis [39].
Urea sublimation under vacuum has been known for decades and gaseous urea
exists in monomolecular form [32, 40, 41]. Recent studies have shown that gas-
eous urea also exists in monomolecular form under atmospheric pressure and that
diluted urea vapor is sufficiently stable to be measured by Fourier transform
infrared (FTIR) spectroscopy in a gas cell heated to 180 �C [39, 42]. Comparing
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the saturation vapor pressure of urea [39, 40] with raw NOx emissions of
200–300 ppm of a modern Diesel engine [14] reveals that a temperature of only
about 120 �C is sufficient for complete evaporation of the required urea (assuming
quantitative urea decomposition and NOx reduction). Of course, urea-SCR at just
120 �C is not feasible due to kinetics, however, one should keep in mind that a
significant fraction of the dosed urea may reach the catalyst as urea vapor in
addition to NH3, HNCO and urea aerosols.

More realistic urea decomposition experiments were performed with single
UWS droplets on a quartz fiber [33]. Even contact-free experiments are possible
with UWS droplets in an acoustical levitator [43]. Experiments with single UWS
droplets also provide information about water evaporation from the UWS droplets
as shown in Ref. [33, 43]. These data are a valuable input for modeling work, but
real UWS aerosols are much smaller than the droplets used in these studies [33, 43].
It is plausible that, in analogy to the TGA, DSC, and TPD experiments mentioned
above [11, 36, 38, 39], smaller aerosols with faster mass transport to the sur-
rounding gas favor the desorption of HNCO and/or urea vapor over byproduct
formation inside the aerosols.

16.2.4 Urea Decomposition Byproducts and Catalyst
Deactivation

The byproducts biuret and cyanuric acid are observed in the largest quantity at low
and moderate temperatures up to about 300 �C [36]; however, additional
byproducts form in smaller amounts as shown in Fig. 16.2 [11, 36, 37]. Substi-
tution of the OH groups of cyanuric acid by NH3 yields the more stable triazines
ammelide, ammeline, and melamine [36]. Ammelide may also be formed by the
reaction of biuret with HNCO, if water is eliminated instead of NH3 [11]. Mela-
mine may also be produced by trimerization of cyanamide [36] since cyanamide is
an intermediate in melamine synthesis [35]. Cyanamide was not observed in a
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Fig. 16.1 Reaction scheme for urea decomposition, including the two byproducts biuret and
cyanuric acid
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prominent study on urea decomposition [36], but it was observed on TiO2 catalysts
in other studies, where cyanamide may have been formed by disproportionation of
HNCO [44, 45]. Melamine is more stable than cyanuric acid; it slowly sublimes
rather than decomposes at temperatures around 300 �C [36, 37]. At higher tem-
peratures, melamine polymerizes to form melem and melon [11]. Polymeric
melamine is water-insoluble and decomposes only above 625 �C [11, 13].

Of course, byproduct formation is unwanted in the urea-SCR application. One
crucial measure to limit byproduct formation is realizing a high spray quality
[13, 46]. In addition, the presence of a catalyst is favorable. Since HNCO, origi-
nating from urea thermolysis, plays a key role in byproduct formation, a catalyst
can largely reduce byproduct formation by HNCO hydrolysis [10, 11, 37]. The
best hydrolysis catalyst known for the urea-SCR application is anatase TiO2

[10, 37, 47–49]. Also, V2O5/WO3-TiO2 [13, 50] and zeolite-based [10, 11, 51]
SCR catalysts provide high hydrolysis activities.
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If byproducts form on the catalyst in spite of its hydrolysis activity, or if
byproduct-containing aerosols are deposited on the catalyst, even these byproducts
can be hydrolyzed catalytically. According to a recent work [37], a temperature
around 200 �C is sufficient already to hydrolyze biuret, cyanuric acid, ammelide,
ammeline, and melamine on anatase TiO2. Cyanuric acid, melamine and even
melem can be hydrolyzed on Al2O3 [52]. Eichelbaum et al. [11] found that urea
induces a reversible deactivation of an iron-exchanged Beta catalyst [12]. The
SCR reaction at 250 �C was strongly inhibited by cyanuric acid and ammelide, but
the activity could be largely restored at 300 �C or completely at 500 �C [12]. In a
urea-SCR application, regeneration of the SCR catalyst due to its own hydrolysis
activity may often be sufficient. If the urea-induced catalyst deactivation is too
fast, this deactivation may be avoided by a dedicated hydrolysis catalyst upstream
of the SCR catalyst.

16.2.5 Catalytic Urea Decomposition

As mentioned above, urea thermolysis into NH3 and HNCO is usually considered a
solely thermal reaction. If urea thermolyzes completely upstream of the catalyst or
if urea thermolysis on the catalyst is very fast, catalytic HNCO hydrolysis would
be the rate determining step in the overall urea hydrolysis reaction. Catalytic
HNCO hydrolysis has been investigated by both experimental and theoretical
studies [45, 47–51, 53, 54] and is, therefore, well understood. Pure anatase TiO2 is
the best hydrolysis catalyst, apart from ZrO2, which is sensitive to sulfur poisoning
and consequently not used in urea-SCR applications [54]. The addition of V2O5

and/or WO3 to TiO2 decreases its hydrolysis activity [50, 54]. Also, zeolite cat-
alysts show lower hydrolysis activity than pure TiO2 [51, 54]. Still, HNCO
hydrolysis on SCR catalysts is faster than the actual SCR reaction, indicating that
increasing the size of the SCR catalyst is better than placing a hydrolysis catalyst
in front of it [50]. However, in a urea-SCR application, a large fraction of the
dosed urea remains intact before it enters the catalyst [9]. Therefore, interaction of
molecular urea with catalysts deserves a closer look.

Urea thermolysis is usually thought to be a solely thermal reaction, but there
have been some studies pointing toward catalytic urea thermolysis [10, 11, 13, 55].
Previously, Bernhard et al. [37] reported catalytic urea thermolysis as well as
hydrolysis under steady-state conditions [42, 56]. Figures 16.3 and 16.4 show a
catalyst screening, using the data of Ref. [56]. To reveal differences between the
catalysts rather than performing mass transport limited reactions, small amounts of
the catalysts (roughly 10 g/L) were coated on cordierite monoliths with a high cell
density (600 cpsi). The space velocity was 91,000 h-1. Urea solution was dosed as
a very fine spray, using the setup described in Ref. [57]. In addition to UWS,
water-free organic urea solutions were dosed to investigate the thermolysis reac-
tion alone, without subsequent HNCO hydrolysis (Fig. 16.3a).

In the absence of water, urea was catalytically thermolyzed, yielding HNCO
with high selectivity (Fig. 16.3a). In the presence of water, urea was efficiently
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hydrolyzed as shown in Fig. 16.3b. The order of catalyst activities according to
[42, 56] is:

Urea thermolysis: TiO2 [ H-ZSM-5 [ Al2O3 [ ZrO2 [ SiO2

Urea hydrolysis: ZrO2 [ TiO2 [ Al2O3 [ H-ZSM-5 [ SiO2

As for HNCO hydrolysis, ZrO2 was most active for urea hydrolysis, but since
ZrO2 is sensitive to sulfur poisoning [54], TiO2 is the best for urea-SCR applications.

Figure 16.4a shows the slip of the intermediate HNCO produced during urea
hydrolysis. Interestingly, TiO2, H-ZSM-5 and Al2O3 showed significant local
maxima in the HNCO slip. Local maxima of the intermediate HNCO are in
agreement with the assumed two-step mechanism (urea thermolysis and HNCO
hydrolysis). However, pure HNCO hydrolyzed much faster on the same catalysts
(Fig. 16.4b). The comparatively slow hydrolysis of the HNCO originating from
urea thermolysis indicates that urea strongly inhibits HNCO hydrolysis. Inhibition
of HNCO hydrolysis on TiO2 by NH3, originating from urea thermolysis, cannot
explain the HNCO peak in Fig. 16.4a, because NH3-inhibition on of HNCO
hydrolysis was found to be negligible above 150 �C by Refs. [53, 54].
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The presented studies [56, 58] will not be the last on catalytic urea decompo-
sition, yet the results already clearly show that urea thermolysis is catalyzed and
that catalytic urea hydrolysis is much slower than the hydrolysis of pure HNCO.
Taking into account the risk of urea-induced deactivation of the SCR catalyst [12],
the ongoing trend for lower exhaust gas temperatures and the good properties of
TiO2 for byproduct decomposition [37], using a dedicated hydrolysis catalyst may
be a good option for some urea-SCR applications.

16.3 Alternative Ammonia Precursor Compounds

16.3.1 Cyanuric Acid

Historically, cyanuric acid can be considered one of the first ammonia precursor
compounds. As far back as 1977, a Japanese patent mentions the possibility of
replacing NH3 in power plant exhaust gas aftertreatment with inorganic ammo-
nium salts, urea or cyanuric acid granules of 0.1–10 mm diameter [59]. However,

0

20

40

60

80

100

T, °C

H
N

C
O

 s
lip

, %

H-ZSM-5

TiO2

Al2O3

SiO2

ZrO2

(a)
Urea hydrolysis

5% water

0

20

40

60

80

100

100 125 150 175 200 225 250

100 125 150 175 200 225 250
T, °C

H
N

C
O

 s
lip

, %

H-ZSM-5

TiO2

ZrO2

(b)
HNCO hydrolysis

5% water

Fig. 16.4 Urea hydrolysis
(a) versus HNCO hydrolysis
(b). Parameters: 100 ppm
urea or HNCO, 10 % O2 in
N2, total gas flow = 500 L/h
at STP,
GHSV = 91,000 h-1, active
masses: 45 mg anatase TiO2,
52 mg ZrO2, 48 mg H-ZSM-
5 (H-MFI 27), 64 mg Al2O3,
55 mg SiO2 [58]

16 Ammonia Storage and Release in SCR Systems 493



almost one decade later, in 1986, the publication of Perry and Siebers on high NO
conversion, when directing a Diesel engine exhaust flow through a heated bed of
cyanuric acid, still received much attention [3]. Their intention in using cyanuric
acid was to release isocyanic acid upon heating above 330 �C. They believed the
evolved HNCO to be the active reactant in reduction of NO [60]. Indeed, they
were able to reliably decompose cyanuric acid to HNCO. NO was converted to N2

in their setup when flowing through a stainless steel beads bed with the produced
HNCO. These results led to several patents on the utilization of cyanuric acid in
mobile exhaust gas aftertreatment, the process was named RAPRENOx (RAPid
REduction of NOx) [3, 61, 62]. However, it was later shown that the stainless steel
beads used as reactor filling material actually catalyzed the decomposition of
HNCO [63], leading to the production of NH3, which was the actual reducing
agent. During this time, first experiments were conducted with solid urea as NH3

storage compound, and a direct comparison showed urea to be advantageous for
multiple applications [64].

16.3.2 Ammonium Formate

In the course of optimizing the low-temperature stability of aqueous urea solution,
various anti-freeze additives were tested. For example, typical engine coolant
antifreeze additives such as ethanol [65], propylene glycol or methanol [66] were
added to aqueous urea. However, the freezing point depression was not very sig-
nificant (\10 K) and the emission of the additionally introduced hydrocarbons in
the exhaust was not acceptable [66]. In contrast, ammonium formate addition to
aqueous urea solution caused a depression of the freezing point down to -30 �C,
and it could even contribute to the NH3 storage capacity [67]. Inorganic ammonium
salts have already been proposed for application in fossil fuel power plant SCR
systems [59], but ammonium formate was only mentioned in previous disclosures
concerning the selective non-catalytic reduction (SNCR) of NOx in these units [68].
The use of ammonium formate as an additive to urea solution has brought the
benefit of decreasing the melting point [69], and yet increased the amount of stored
NH3 in the solution [70]. Depending on the application, high NH3-containing
solutions could also be prepared that showed comparable low-temperature stability
to AdBlue� [71]. The most preferable solutions are named Denoxium-20 or De-
noxium-30 with freezing points around -20 and -30 �C, respectively. The NH3-
releasing capacity amounts to 0.207 kg/kg (0.232 kg/L) for Denoxium-30 and to
0.205 kg/kg (0.228 kg/L) for Denoxium-20. Denoxium-20 is only advantageous to
Denoxium-30 in so far that it contains less of the more expensive ammonium
formate, while containing approximately the same amount of stored NH3. The
melting point of Denoxium-30 is actually not exactly -30 �C—the solution shows
a hysteresis of freezing as low as -31 �C and melting as high as -26 �C [72]. Until
now, only the Denoxium-30 solution has been commercially employed, either
under the name Denoxium�, or, in Canada, the USA and Mexico, under the name
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TerraCairPlus�, due to a license agreement between Denoxium� owner Kemira
Oyj with Terra Environmental Technologies Inc [73].

There is already interest in modeling the evaporation of ammonium formate
urea solution droplets in the exhaust gas pipe [74]. Ammonium formate will split
into ammonia and formic acid in the hot exhaust [70]. While ammonia is the
desired product that is consumed in the SCR reaction, formic acid constitutes an
undesired emission. In fact, formic acid is the most corrosive halogen-free organic
acid, and its corrosive effect on metals is further enhanced by O2 [75]. The cor-
rosion of steel by formic acid is a function of the acid concentration and the
temperature [76], but in contrast to inorganic acids, formic acid does not form a
passivating film on the metals during corrosion [77]. In the past, the corrosive
effect on various types of steel was investigated (type 304 [78], type 430 [79], SUS
329J1 [80], AISI-316 [81]); however, the experiments did not include corrosion by
hot formic acid vapors.

In addition to the immediate corrosive effect of formic acid, there is an addi-
tional danger of forming undesired side products from the reaction of formic acid
with compounds in the exhaust gas. One possible side reaction is the formation of
methanamide by a condensation with NH3 [82]. Methanamide is considered to be
teratogenic [83], though it must be noted that while some animal studies did show
teratogenic effects [84], others (with different application doses) did not observe a
teratogenic effect [85].

From methanamide hydrogen cyanide (HCN) can also be formed by the
removal of another water molecule. As HCN is a very toxic compound, its
emissions must be avoided, even though there is no immediate legal regulation on
the concentration of HCN in internal combustion engine exhaust gas. The for-
mation of HCN from methanamide will be discussed in more detail later.

16.3.3 Ammonium Carbamate

In order to avoid freezing issues altogether, solid precursor compounds are a good
substitute for solutions of NH3 precursor compounds. However, the handling of
solid NH3 precursors is more complicated, especially if they also need to be con-
tacted with a decomposition catalyst like solid urea (as discussed in Sect. 16.2.1).

There are, however, also solid substances which do not need a catalyst to yield
NH3, and only need to be heated for NH3 release. One compound in this category is
ammonium carbamate. Ammonium carbamate is the ammonium salt of the instable
carbamic acid, and it can be transformed to urea by a condensation of the salt [86].
Another compound which can be decomposed to yield NH3 without a catalyst is
ammonium carbonate [87]. However, ammonium carbonate stores less NH3 per
mass and volume, because it contains an additional molecule of water with respect
to ammonium carbamate. In detail, ammonium carbamate stores 0.436 kg NH3/kg
(0.698 kg/L), while ammonium carbonate stores 0.354 kg NH3/kg (0.531 kg/L).

The decomposition of ammonium carbamate or ammonium carbonate in order
to yield NH3 are both thought to proceed via a two-step reaction. For ammonium
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carbamate, the reaction proceeds as shown below via the instable carbamic acid
[86].

NH4COONH2 ! NH3 þ HCOONH2

HCOONH2 ! NH3 þ CO2

The decomposition of ammonium carbonate is considered to proceed via the
stable ammonium bicarbonate intermediate [87].

NH4ð Þ2CO3 ! NH3 þ NH4ð ÞHCO3

NH4ð ÞHCO3 ! NH3 þ CO2 þ H2O

In addition, the condensation of ammonium carbamate to yield urea and water
can occur as the following side reaction [88].

NH4COONH2 ! NH2CONH2 þ H2O

As all the above reactions are also reversible, the repeated cycling between
heating and cooling during the SCR system operation can lead to the presence of
all the mentioned compounds in the storage tank. This can become an issue if H2O
condenses during cooling inside the tank, because it can lead to an uncontrolled
production of NH3 from ammonium carbamate and with it a sudden pressure
increase in the storage tank [82]. This becomes relevant for the decomposition of
ammonium carbonate, because H2O is released, but commercial ammonium car-
bonate usually also contains ammonium carbamate as well [89].

As ammonium carbamate stores more NH3, does not produce H2O during
decomposition and needs less heat for decomposition, it is preferred over
ammonium carbonate. Despite the difficulties associated with the dynamically
controlled decomposition of ammonium carbamate, the system was tested for
commercial applications [90, 91]. A light-duty application on a 5.9 L Diesel
engine was presented and the use of ammonium carbamate was protected by the
name Solid SCR� [92].

However, until now, ammonium carbamate does not seem to be commercially
applied as NH3 precursor in mobile or stationary SCR applications.

16.3.4 Metal Ammine Chlorides

A completely different approach in storing NH3 is the reversible coordination of
NH3 as a ligand to metal atoms [93]. Since the absorption of ammonia as a ligand
is exothermic, and its release is endothermic, the idea is to first store NH3 in metal
ammine chlorides, so it can be later released by heating the salt. Salts of particular
interest for NH3 release are Mg(NH3)6Cl2, Ca(NH3)8Cl2 and Sr(NH3)8Cl2, due to
the high amount of NH3 they can store [69]. Even though CaCl2 and SrCl2 would
be advantageous compared to MgCl2 because of their higher NH3 storage capacity,
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these compounds are less attractive for practical applications. This is not because
of economic considerations, but because of the high NH3 vapor pressure exhibited
by Ca(NH3)8Cl2 and Sr(NH3)8Cl2. The NH3 vapor pressure of Ca(NH3)8Cl2 at
25 �C is 630 mbar, and that of Sr(NH3)8Cl2 is 550 mbar [94], both of which are
rather high for handling or even storing in a sealed container, as there would be
significant leakage of NH3 in the case of a container rupture in an accident [95].
The storage and release of NH3 into or from these salts is proceeding successively,
with decreasing enthalpies of adsorption or desorption as the amount of coordi-
nated NH3 increases. The individual reactions for MgCl2 are the following:

MgCl2(s) ? NH3(g) $ Mg(NH3)Cl2(s) DHr = -87.0 kJ/mol NH3

Mg(NH3)Cl2(s) ? NH3(g) $ Mg(NH3)2Cl2(s) DHr = -74.9 kJ/mol NH3

Mg(NH3)2Cl2(s) ? 4 NH3(g) $ Mg(NH3)6Cl2(s) DHr = -55.6 kJ/mol NH3

All reactions are exothermic, but reaction enthalpies are different [96]. Using
the Van’t Hoff equation, the releasing temperature for NH3 at a constant reservoir
pressure of 1.5 bar can be calculated.

ln PNH3;eq ¼
�DHr;k

RT
þ DSr;k

R

The index k identifies the reaction of the NH3 absorption or desorption process,
R is the gas constant, T the temperature, DHr,k the corresponding desorption
enthalpy per mole NH3 and DSr,k the corresponding desorption entropy of the
reaction. The calculated temperatures for release of the last 4 absorbed NH3

molecules are 150 �C, 298 �C for the second, and 387 �C for the first molecule.
From these calculated values, the full release of all six stored NH3 molecules is
impractical because of the high temperatures needed. This reduces the amount of
practically stored NH3 to two-thirds of the theoretical value. Another factor that
reduces the amount of stored NH3 is that a powder, and not a single crystal, is
used. Typically void fraction of 45–50 % are present in the storage container,
which not only decreases NH3-storage capacity but also reduces heat transfer [95].
Since heat transfer is crucial for the dynamic release of NH3 gas from the salt, the
powder is compacted under high pressure [97]. Bulk densities of 97 % of the solid
density can be achieved, approaching 93 % of the volumetric NH3 storage capacity
of liquefied NH3 [95]. As the ammine salt releases NH3 gas, its density is reduced
and NH3 gas diffusion is not hindered. When the salts are exhausted of NH3, they
can be recharged with NH3. During absorption, the pressurized cylinders are first
heated so that the NH3 evenly distributes within the bulk material [98].

Recently, the Danish company Amminex announced the launch of a production
part approval process for exchangeable cylinders filled with metal ammine salts for
NH3 storage, the total investment amounted to 50 million € [99]. Also, the
US-based Navistar and French Faurecia invested in Amminex’s technology,
promising rapid utilization in mobile applications [100]. Interestingly, Amminex is
using SrCl2 rather than MgCl2 as NH3 absorbant, because it has the advantage of
requiring only 80 �C for the release of seven molecules of NH3 [101]. This can be
achieved by using the engine coolant as heat source. The cartridges filled with
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charged Sr(NH3)8Cl2 are not classified as dangerous goods, in spite of the
550 mbar of NH3 vapor pressure present at 25 �C. During the operation, pressures
of 6 bar are achieved in the cartridge, so there is a need for robust containers. So
far, no comments have been made regarding the possibility of transporting the
storage salt during NH3 dosage onto the SCR catalyst. In this case the SCR catalyst
could be deactivated due to its sensitivity toward earth-alkaline metals [102, 103].
In addition to the application as a NH3 source for SCR, the cartridges are proposed
as storage cylinders for NH3 which will be converted to H2 and used to power a
fuel cell [104].

16.3.5 Methanamide

Analogous to urea being the condensation product of ammonium carbamate,
methanamide (formamide) is the condensation product of ammonium formate. At
ambient conditions (20 �C, 1 atm), methanamide is a liquid with a vapor pressure
of 30 mbar and a melting point of 2 �C [105]. However, if mixed with water, an
aqueous 80 % methanamide solution has a melting point of -28 �C, and remains
stable at temperatures up to 100 �C [82]. This solution is known as Admide(R) and
is also proposed as an NH3 precursor for mobile applications. In addition to the
excellent temperature stability, the solution with 0.30 kg/kg (0.33 kg/L) also stores
50 % more NH3 than AdBlue� [14]. In contrast to urea, methanamide will
molecularly vaporize without decomposition. Admide(R) was further determined
to be biodegradable, but was also found to correlate with teratogenic effects in
some animal tests [84], though not in all [85]. As the general perception of me-
thanamide was that it indeed causes defects to the unborn child, the introduction of
Admide(R) to the automotive market was cancelled [83]. Today’s gasoline fuel
contains up to 1 % (by volume) of benzene [106] also due to the substitution of
lead-based anti-knocking agents, even though benzene is known as a teratogenic
substance [107]. Therefore, the handling of Admide(R) solution by trained per-
sonnel during the regular service of a vehicle could be an option, considering the
great advantages of using the solution.

Under certain conditions, such as overdosage of the reducing agent at low
temperature, emissions of molecular methanamide rather than the decomposition
products, can occur. Additionally, during decomposition methanamide also yields
upon hydrolysis formic acid, which, as previously mentioned, is a corrosive
compound. Decomposition of formic acid may either lead to CO and H2O, or to
CO2 and H2. Unfortunately, the preferred latter decomposition reaction products
are not the main products, but rather CO and H2O. Another possible reaction that
occurs at very high temperatures during methanamide decomposition is the
removal of water to yield HCN. As previously mentioned, there is no immediate
legal regulation on the emission of HCN in exhaust gas, but due to the toxicity of
the compound it should be avoided.

Currently, the use of Admide(R) as a NH3 precursor solution is protected by
MAN Truck & Bus [108], but seems not to be commercially used.
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16.3.6 Guanidinium Salts

In urea, two amine groups are attached to a carbonyl moiety. If the carbonyl is
replaced by an imine function, one obtains guanidine. Guanidine is an instable
compound with one of the highest basicities for organic compounds. Both prop-
erties are driven by the stabilization of the guanidinium cation by three amine
functions connected to the central carbon atom. Due to the symmetric structure,
the guanidinium cation is a very stable compound in combination with an anion
[109]. For the utilization of guanidinium salts in exhaust gas aftertreatment, small
organic anions are preferred which decompose completely to gaseous products.
The most promising compounds are therefore guanidinium carbonate, guanidinium
hydrogen carbonate, guanidinium formate, and guanidinium oxalate. Besides the
preference of CO2 as decomposition product for the anion, the solubility of the salt
in water is also an essential factor, which needs to be observed. Here, the solubility
of guanidinium formate, with up to 6.19 kg dissolving in 1 L of water is unrivaled
[110]. However, in order to achieve good thermal stability, significantly less salt is
dissolved in water. An aqueous 60 % guanidinium formate solution can be stored
for several months at a temperature of 60 �C, and can be supercooled to a tem-
perature of -30 �C without freezing [111]. The low amount of water contained in
the solution compared to AdBlue� is an advantage, because significantly less
water needs to be evaporated by the hot exhaust gas [112]. In this solution, again,
approximately 1.5 times the amount of NH3 is stored compared to AdBlue�.
However, due to the high stability of the compound, its catalytic decomposition
below 200 �C is incomplete [14]. The decomposition of guanidinium carbonate
and guanidinium bicarbonate is occurring at lower temperatures, but the solubility
of the salt is much lower—not even the NH3 storage capacity of AdBlue� is
achieved, which makes it largely irrelevant [14].

The decomposition of guanidinium formate is best achieved on a dedicated
hydrolysis catalyst, and since higher temperatures than those found in the exhaust
gas pipe are needed, the decomposition in a side stream reactor with the possibility
of external heating is preferred [14]. The conditions for the catalytic decomposi-
tion of guanidinium formate, including the necessary temperature, space velocity
and catalyst material, were determined in the framework of a PhD thesis [113].

16.3.7 Catalytic Decomposition of Alternative NH3

Precursor Compounds

Anatase TiO2 is an excellent catalyst for HNCO hydrolysis [47, 50, 54] and for
urea decomposition [10, 37]. In an early study of alternative ammonia precursor
compounds, TiO2 also showed promising results for the decomposition of guan-
idinium salts above 300 �C [14]. Interestingly, ZrO2, which is even more active for
HNCO hydrolysis than TiO2, but sensitive to sulfur poisoning [54], showed
only low guanidinium hydrolysis activity [14]. Unlike guanidinium formate,
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methanamide could also be decomposed fairly well under SCR conditions on a
V2O5/WO3-TiO2 or on a Fe-ZSM5 catalyst around 250 �C [14]. However,
depending on the temperature, there were concerns about incomplete decompo-
sition, emission of corrosive formic acid and of toxic CO as well as HCN.

In the course of a recent research project, a novel TiO2 supported Au catalyst
was developed to enable the targeted decomposition of alternative NH3 precursor
compounds without side product formation. Due to the Au deposited (0.5–1.5 %
by mass) on the hydrolysis catalyst TiO2, formic acid derived side products such as
formic acid, CO, methanamide or HCN are efficiently decomposed to CO2 (and
NH3 if applicable), without any oxidation of the released NH3 [113].

The Au/TiO2 catalyst was also tested concerning its hydrothermal resistivity
under authentic operating conditions and its behavior after modeled long-term
poisoning by sulfur compounds. In all aging experiments, the catalyst performance
even after severe treatment such as hydrothermal aging at up to 850 �C or
200 ppm of SO2 in the gas feed still maintained acceptable activity for catalytic
decomposition of NH3 precursor compounds [113].

In case of 60 % guanidinium formate solution, temperatures around 250 �C
were necessary for quantitative conversion to NH3 and CO2 at a gas hourly space
velocity (GHSV) of 20,000 h-1. The decomposition was, however, mainly limited
by the hydrolysis activity of TiO2, as formic acid could be decomposed to CO2

even at just 130 �C.
An aqueous solution containing 80 % (by mass) methanamide could be con-

verted to NH3 and CO2 in a temperature window ranging from 130 to 340 �C at a
GHSV of 20,000 h-1 on a 1.0 % Au/TiO2 catalyst, thereby outperforming state of
the art SCR catalysts concerning the light-off temperature [113]. Further increasing
of the space velocity in order to shrink the catalyst size, however, will result in
higher light-off temperatures. Still, the low temperature requirements for quanti-
tative decomposition enable the direct dosing of the NH3 precursor solution into
the main exhaust pipe. On the other hand, a side stream reactor concept with a very
small decomposition catalyst would be feasible to provide a concentrated flow of
NH3 rich gas to the main exhaust gas flux.

Similar to methanamide, ammonium formate decomposition proceeded in a
wide temperature window. As ammonium formate does in fact not need to be
hydrolyzed, formic acid decomposition is the limiting reaction for the quantitative
conversion of the precursor solution to NH3 and CO2. However, if mixtures with
urea, such as Denoxium� are being used, the temperature needs to be sufficient to
enable urea hydrolysis. Therefore, an in-pipe or side stream system equipped with
an Au/TiO2 hydrolysis catalyst could in fact be used to provide NH3 from either
AdBlue�, Denoxium� or Admide(R). This would enable the flexibility to ensure
efficient NH3 production, and, consequently, NOx reduction, even in cold climates
or during long refill intervals. Guanidinium formate solution would also be an
optional NH3 precursor solution for a side stream reactor if the reactor could be
electrically heated at temperatures below 250 �C, but would not qualify for direct
injection into the main exhaust pipe.
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The multiple choices for NH3 precursor solutions, and possibility to even use
mixtures thereof, represent valuable advantages for the introduction of a dedicated
hydrolysis catalyst based on Au/TiO2.
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Chapter 17
Modeling the Gas Flow Process Inside
Exhaust Systems: One Dimensional
and Multidimensional Approaches

Gianluca Montenegro and Angelo Onorati

17.1 Introduction

Diesel engines, as a consequence of their use of lean combustion, are the main
cause of on-road NOx emissions. The most promising solution, in terms of effi-
ciency and fuel economy, to the removal of NOx in oxidizing condition is the use
of selective catalytic reduction of NOx (SCR) [1]. On light and heavy duty vehicles
the reducing agent, namely ammonia, is obtained from a water solution of urea
(commonly referenced as UWS) directly injected inside the exhaust system. The
main challenge, therefore, has become the optimization of the whole process
inside the exhaust system, tailoring the best removal efficiency together with a
limited ammonia slip and low fuel consumption. A precise injection strategy and
an efficient mixing of the ammonia with the gas stream are key factors towards the
achievement of high efficiency abatements, and therefore they have become the
main object of study by means of numerical simulation tools.

The modeling of SCR systems is a particularly challenging task since it
involves different physical phenomena where the evolution of multiphase and
multicomponent flows take place. First, a urea/water solution is sprayed into the
gas stream. The dispersed multicomponent phase then evaporates and suitably
mixes with the gas stream before entering the catalyst. A comprehensive under-
standing of the underlying flow dynamics is therefore mandatory to design an
efficient DeNOx system which is characterized by a low impact on the engine
performances.

From a R&D point of view, the automotive field has experienced a strong
application of CFD (Computational Fluid Dynamics) tools for the design and
optimization of engines and for the analysis of specific devices. Several
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approaches can be adopted, ranging from the 1D flow assumption to more complex
multidimensional models. In particular, 1D codes have shown great flexibility of
use, short calculation time, and low costs with respect to more complex multidi-
mensional codes. Their adoption is usually motivated by the need of performing
full cycle (several thermodynamic cycles) simulations of the engine coupled to the
intake and exhaust system in a short time. As a matter of fact, Diesel exhaust
systems are very complex, since they are always equipped with turbochargers,
EGR routes, and aftertreatment devices, all of them playing an important role in
the determination of the engine global efficiency. These components increase the
complexity of the system and therefore the difficulty of a detailed modeling.
Despite their flexibility of use and lightness, 1D models lack of predictiveness,
since they cannot capture several processes occurring in the exhaust system, such
as spray propagation, spray-wall interaction, and mixing processes, unless they
resort to extremely simplified models of certain phenomena [2, 3]. The injection of
urea/water solution, for example, can be studied in detail resorting to 3D CFD
models as well as the formation of liquid film, the spray-gas mixing process, and
the evaluation of ammonia distribution at the inlet of the SCR catalyst. In this
chapter, it will be described the application of one-dimensional and multi-
dimensional models for the study of the fluid dynamics of Diesel engine exhaust
systems equipped with SCR systems. The 1D approach will be discussed first to
highlight the importance of taking into account the overall engine configuration
and the aspects of flow unsteadiness. Multidimensional approaches are usually
focused on smaller details, such as the fluid dynamic analysis of the mixer and its
interaction with the injected spray, rather than on the whole engine.

17.2 1D Models for the Prediction of Gas Flows

In the last decades, 1D models have been widely used for multiple purpose in the
field of internal combustion engines and several codes are available on the market
and in academies, both for commercial and research purposes [4–6]. Historically,
different discretization approaches have been followed, but the most common are
based on finite difference and finite volume ones, confining the finite element
method only to research applications [7]. The finite volume and finite difference
approaches are based on the formulation of 1D conservation equation of mass,
momentum, and energy for an unsteady and reacting flow. Usually, the level of
simplification reached in a 1D model allows to neglect the viscosity of the fluid
and to lump the viscous phenomena into a gas-wall friction coefficient [8].

Applying the balance of mass, momentum, and energy to a generic control
volume identified by a portion of a pipe with variable cross-section (Fig. 17.1), the
conservation equations can be written in the following way:

o qFð Þ
ot
þ o quFð Þ

ox
¼ 0; ð17:1Þ
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o quFð Þ
ot

þ o qu2F þ pFð Þ
ox

¼ p
oF

ox
x� 2

D
qujujfwF; ð17:2Þ

o qe0Fð Þ
ot

þ o qe0uF þ upFð Þ
ox

¼ qqreF: ð17:3Þ

The governing equations can then be written in vectorial form as follows:

oW x; tð Þ
ot

þ oF Wð Þ
ox

þ B Wð Þ þ C Wð Þ ¼ 0 ð17:4Þ

W x; tð Þ ¼

qF

quF

qe0F

qYF

2
6664

3
7775; W Fð Þ ¼

quF

pF þ qu2F

quh0F

qYF

2
6664

3
7775; B Wð Þ ¼

0

�p dF
dx

0

0

2
6664

3
7775;

C Wð Þ ¼

0

qGF

�qðqþ qre þ qevÞF
�q _YF

2
6664

3
7775;

ð17:5Þ

where W is the vector of the conserved variables, F is the vector of the fluxes of
the conserved variables and vector B takes into account the effect of the cross-
section variation. Vector C accounts for the contributions of: (i) the heat
exchanged between the gas and the pipes (q); (ii) the heat generated by the
homogeneous reactions occurring in the exhaust line (qre); and (iii) the friction
between the gas and the walls (G). The system of equations is then closed by the
state equation of the gas, which is treated as a mixture of perfect gases whose
specific heat capacity is a function of both chemical composition and temperature
[9]. The composition of the gas can then be tracked solving the conservation
equation for each chemical component present in the gas phase. The vector Y in
Eq. (17.5) refers to the mass fraction of each species composing the gas and allows
to transport along the ducts all the information related to the chemical composition
of the mixture. In these models, an arbitrary number of chemical species can be
considered, depending on the particular chemical process that one wants to sim-
ulate. In any case, the gas composition can be assigned as a boundary condition, if

dF
dxF+

dxp+ dp

dρ

u

F

p

dx

dx
duu+ρ

Fig. 17.1 Control volume
used to derive the 1D
conservation equations
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the modeling is focused only onto a single device of the exhaust system, or
eventually assigned by a specific combustion model in the case the simulation
involves the complete engine configuration (intake system, cylinders, and exhaust
system). For the modeling of exhaust systems of Diesel engines a typical gas
composition that can be taken into account may be O2, N2, Ar, CO2, H2, CO, NO,
CxHy, NH3, HNCO (isocyanic acid), NH2–CO–NH2 (urea) plus two phases of
water, H2O(l), and H2O(g):

Y ¼

Y1

Y2

..

.

YNS

2
6664

3
7775
XNS

j¼1

Yj ¼ 1: ð17:6Þ

The source term _Y in C (Eq. 17.5) expresses the production/destruction rate of
the jth specie during the transport, due to reactions in the exhaust manifold (gas-
phase reactions) and in the chemical converters (solid phase reactions). In the set
of conservation equations, water appears into two phases, gaseous and liquid. The
liquid phase can be considered as a property advected with the gas, in the same
way the gaseous species are transported. This assumption can only be accepted if
the size of the liquid water droplets is very small, which is rarely the case when
urea–water solution is injected in the gas stream.

The system of Eq. (17.4) is a partial derivative hyperbolic system, whose
numerical solution is achieved using shock-capturing numerical methods [10–13].
These methods are characterized by second-order accuracy and therefore they give
rise to spurious oscillation when high gradients are present in the solution field. To
suppress the occurrence of numerical instabilities, flux limiting techniques, or
gradient limiters are used [8].

17.2.1 Modeling the Thermal Aspects

An accurate prediction of the chemical behavior of aftertreatment devices, can be
achieved throughout a correct prediction of the heat fluxes along the exhaust
system. This aspect is also important for a correct prediction of the back pressure
which, in the end, affects the volumetric efficiency of the engine determining an
increase of fuel consumption. In particular, to simulate engine driving cycles with
cold start, in which the thermal transient of the exhaust system affects the per-
formance of the catalytic converters, the correct estimation of the heat loss is vital.
Also from a point of view of optimization, the estimation of the heat loss becomes
important, especially in those cases where the improvement of the manifold
insulation is tailored, in order to achieve an higher gas temperature at the inlet of
the catalytic devices [3, 14]. The prediction of the thermal transient of the exhaust
system can be carried out by considering the heat transferred between the gas and
the walls in the energy balance of the gas, as a source term in Eq. (17.6), and
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solving a coupled Fourier equation applied to the pipe walls, whose thermal bal-
ance can be expressed by:Z

Vw

qwcp;w
oTw

ot
¼
Z

Vw

div k grad Tð ÞdV

þ
Z

Vw

Se;c dV :
ð17:7Þ

Since the heat flux given by the temperature gradient between the wall and the
gas bulk has been imposed as a boundary condition, Eq. (17.7) can be reduced to
the following expression:

Tnþ1
w ¼ Tn

w þ
Dt

qwcp;wVw

Qr þ Qh þ Qax
k þ Qr

k þ Se;c

ffi �
; ð17:8Þ

where Tnþ1
w and Tn

w are, respectively, the wall temperatures at the new and old time
step, while Qr is the heat flux due to radiative heat transfer, Qh is the convective
heat flux between the gas and the walls, Qax

k and Qr
k are, respectively, the con-

ductive heat in the axial direction inside the wall and in the radial direction, when
layers of different materials are considered. The source term Se,c accounts for the
heat released by eventual chemical reactions or condensation and evaporation
processes occurring in the proximity of the pipe walls. The quantities cp,w, qw, and
Vw are, respectively, the wall specific heat capacity, the wall density and the
volume of material related to the single computational cell. The Fourier equation
can be applied to each layer of material, in order to consider the effects of different
material properties on the global heat flux with the surrounding air (e.g., insulating
materials, metallic shells, air gaps, or wash-coat layers). Several correlations can
be used to model the heat transfer between the gas and the walls, however, the
most general correlation appears to be the one proposed by Churchill, since its
range of validity for the Reynolds and Prandtl number are those typical of the flow
regimes inside exhaust systems of internal combustion engines [14, 15]:

Nu ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nu10

l þ
eð2200�ReÞ=365

Nu2
l

þ 1

Nu2
t

� ��5
10

s
; ð17:9Þ

where

Nut ¼ Nu0 þ
0:079 f=2ð Þ

1
2RePr

5
6

1þ Pr
4
5

; ð17:10Þ

Nu0 ¼ 4:8; ð17:11Þ

Nul ¼
2:97 square flow section,

3:675 circular flow section,
3:0 triangular flow section.

8<
: ð17:12Þ
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This correlation is valid for 0 \ Pr \ 10 and for 0 \ Re \ 106, therefore,
considering that inside I.C. engine exhaust systems the Prandtl number is usually
lower than 1 and Re is that typical of fully turbulent flow regimes, this correlation
can be applied to the study of exhaust gas flows. The friction coefficient f that
appears in Eq. (17.10) is given by the Churchill correlation as well [16]:

f ¼ 2
8

Re

� �12

þ 1

Aþ Bð Þ
3
2

" # 1
12

; ð17:13Þ

where

A ¼ 2:2088þ 2:457 ln
e
d
þ 42:683

Re0:9

� �� �16

; ð17:14Þ

B ¼ 37:530
Re

� �16

: ð17:15Þ

The same correlation for the friction coefficient is also used to define the source
term of the momentum conservation (Eq. 17.2).

17.2.1.1 Effect of Moisture Condensation and Evaporation

The prediction of the thermal transient of the exhaust systems, especially in the
case of cold start, can be further improved by modeling the formation of a liquid
film layer due to the condensation, and its subsequent evaporation, of the water
vapor contained in the exhaust gas (usually around 7–8 % of mass fraction). From
the analysis of the temperature history gauged by thermocouples along the exhaust
system, it has been pointed out the presence of a plateaux due to the insulation
effect produced by the evaporation of the liquid film layer [17–19]. This effect is
negligible in the hot part of the exhaust line close to the engine head, but becomes
important in the low temperature part and in particular inside of catalysts and
Diesel particulate filter substrates, due to the high specific surface per unit volume.
To predict the effect of the moisture condensation and evaporation, it is necessary
to consider the mass transfer of water to the walls during the condensation and the
migration of water vapor from the walls to the exhaust gas during the evaporation.
Condensation is the cause for the increase of the wall temperature during the first
seconds of operating conditions, while the evaporation becomes responsible of an
insulation effect due to the latent heat of evaporation taken from the gas. The latent
heats of evaporation and condensation (Dhe,c) in the model can be taken into
account in the source term Se,c of the Fourier equation (Eq. 17.8). The rate of
phase change (evaporation or condensation) _Y in Eq. (17.6) can be expressed by
the following equation [17]:
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_YH2O ¼ qkm;H2OS
1

qvsat

� Cs;H2O

� �
; ð17:16Þ

in which the specific volume of the saturated water vapor vsat has been determined
as a function of the wall temperature on the basis of tabulated values:

vsat ¼ e1:325�10�4 T2
w�0:06 Twþ5:175: ð17:17Þ

The above expression is valid only for 20 �C \ Tw \ 120 �C. In the temper-
ature range considered for the evaluation of the saturated water vapor’s specific
volume, a constant value of 2,370.1 kJ/kg can be assumed for the latent heat with
good accuracy. The source term for the thermal balance of the pipe walls is
therefore:

Se;c ¼ _YH2ODhe;c: ð17:18Þ

17.2.1.2 Water Dragging Model

The water mass in direct contact with the gas stream inside the pipe is dragged in
the direction of the flow by the friction between the water surface and the gas. The
theory of multiphase flow is very complex and far from the complexity degree of a
1D model. The two phase flow inside the monolith can therefore be reduced to a
stratified layer flow, where the two phases are moving with different velocities.
The reasons of the water motion can be: (i) motion caused by the friction between
the gas and the water and (ii) effect of the gravity if the pipe is not horizontal. The
mass of dragged liquid is determined by applying the mass and momentum con-
servation to the two phases, the liquid water and the exhaust gas, calculating the
contact surface on the basis of the water layer thickness [20, 21]. Referring to
Fig. 17.2 and assuming that the two phases are confined in the two regions Al and
Ag, respectively, for liquid and gas, the velocity of the liquid can be calculated by
the following equation:

slSl

Al

� sgSg

Ag

� siSi

1
Al

þ 1
Ag

� �
þ ql � qg

ffi �
g sin b ¼ 0; ð17:19Þ

where

sl ¼
1
2

flqljvljvl;

sg ¼
1
2

fgqgjvgjvg;

si ¼
1
2

fiqgjvg � vlj vg � vl

ffi �
:

ð17:20Þ
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The terms fl, fg, i are, respectively, the friction terms for the liquid-wall, gas-
wall, and gas–liquid interface, while b is the inclination angle of the pipe with
respect to an horizontal line. Once the liquid velocity vl has been calculated, the
new value of the liquid mass in each calculation node can be determined resorting
to an upwind finite difference calculation technique.

17.2.1.3 Urea–Water Solution Injection

Another important aspect that can be considered in 1D models is the injection of
water urea solution. The approach must be very simple but at the same time should
be able to account for the main effects of the injection of liquid droplets. As
anticipated in Sect. 17.2.1.2, the conservation equations for each chemical species
may account for the liquid phase of water. The assumption is arguable, since
droplets exchange momentum with the gas stream and they have also inertia.
However, to model the impact of liquid droplets on the gas-phase heat balance and
the release of urea, it may be acceptable.

Once injected, the number of droplets is fixed and advected with the gas stream.
The injected spray does not exchange, for simplicity sake, momentum with the
exhaust gas; however, since the temperature gradient between the droplet and the
gas is high, the droplet undergoes a heating process until it reaches the saturation
temperature. This phase can be divided into two steps (summarized in Fig. 17.3):

• the droplet is heated until the saturation temperature is reached,
• the water contained in the droplet evaporates until its mass fraction becomes

null. In this process, the evaporation rate depends on the heat made available by
the gas stream.

During the heat up phase the energy balance of the droplet states that its energy
variation is given by the heat transferred to the droplet by convection:

Fig. 17.2 Example of the
distribution of the two phases
in a channel section
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4
3
pR3

pqpcpr

dTp

dt
¼ 4pR2

p

	 

k

Tg � Tp

2rp

NuI; ð17:21Þ

where Rp, Tp, qp e cpr are respectively the diameter, the temperature, the density,
and the specific heat of the droplet. Tg is the gas temperature and k is the thermal
conductivity of the gas. The heat exchanged between the gas and the droplet can
be expressed as:

q ¼ hpAs;p Tg � Tp

ffi �
; ð17:22Þ

where hp is the convective heat exchange coefficient given by the following
relation:

hp ¼
kNuI

2rp

; ð17:23Þ

and As,p is the surface of the droplet:

As;p ¼ 4pR2
p: ð17:24Þ

The Nusselt number NuI in Eq. (17.23) is described by the following relation
[22, 23]:

NuI ¼ 2:0þ 0:6 Re
1
2 Pr

1
3; ð17:25Þ

where the Reynolds number, Re, is referred to the droplet velocity and diameter.
Properties of viscosity, specific heat capacity, and conductivity are evaluated as
functions of the average temperature defined as follows:

bT ¼ Tg þ 2Tp

3
; ð17:26Þ

Solving the energy balance of the droplet (Eq. 17.21) with respect to the droplet
temperature, the following equation can be obtained:

dTp

dt
¼ 3

2
kNuI

R2
pqpcpr

Tg � Tp

ffi �
: ð17:27Þ

This approach is supported by the assumption that the number of injected
droplets does not change and that the mean droplet diameter is also transported as

Fig. 17.3 Schematic of the
heat up and evaporation
process of a water urea
solution droplet modeled in
1D
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a property along the gas stream. When water is up to the saturation temperature,
the evaporation process is dominant and the whole heat exchanged between the gas
and the droplets is used to evaporate the liquid. The rate of evaporation is therefore
proportional to the energy made available by the gas through convection:

_mH2O ¼
qvpcprDH2O

Tg�Tp

2Rp
NuII

Dhfg

As;p; ð17:28Þ

where qvp is the density of the liquid vapor, DH2O is the diffusion coefficient of
gaseous water in air, Dhfg is the latent heat of evaporation. The Nusselt coefficient
NuII is defined in a different way, with respect to the NuI, since it accounts for
reduction of the evaporation rate due to the presence of a vapor layer over the
droplet surface:

NuII ¼ 2:0þ 0:6 Re
1
2 Pr

1
3

	 
 ln 1þ Bp

ffi �
Bp

; ð17:29Þ

where Bp is the Spalding transfer number [24], which is driven by the gradient of
concentration between the saturated vapor and the gas stream.

17.2.2 Thermal and Hydrolytic Decomposition of Urea

In mobile applications, the SCR technique involves the atomization of aqueous
solution of urea in the hot part of the exhaust system upstream the SCR catalyst.
The urea injected undergoes two different chemical processes to produce the
ammonia necessary to sustain the SCR reaction: thermal decomposition and
hydrolysis.

17.2.2.1 Thermal Decomposition of Urea

When a solution of urea is injected into the exhaust system, the first process that
takes place is the evaporation of the water contained in each droplet. After the
water evaporation, the urea is thermolyzed by the surrounding hot gas, producing
gaseous ammonia and isocyanic acid according to the following reaction:

NH2 � CO� NH2ðsÞ ! NH3ðgÞ þ HNCOðgÞ: ð17:30Þ

This mechanism, however, can be considered as a single-step reaction only if
the heating is carried out fast. A slow heating of the urea will produce side
reactions, due to the high reactivity of isocyanic acid, with the production of
undesirable chemical products such as biuret, triuret, and cyanuric acid [25].
Usually, the reaction is supposed to occur without any side effect and is endo-
thermic (+185.5 kJ at standard conditions).
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17.2.2.2 Hydrolysis of Isocyanic Acid

The step following the thermal decomposition of urea is the catalyzed hydrolysis
of the isocyanic acid formed in the previous reaction. The isocyanic acid is
hydrolyzed by the water contained in the gas stream according to the following
reaction:

HNCOðgÞ þ H2OðgÞ ! NH3ðgÞ þ CO2ðgÞ: ð17:31Þ

This reaction completes the process of urea decomposition, transforming the
isocyanic acid into further ammonia delivered to the SCR reactor. The reaction
enthalpy of hydrolysis indicates that the reaction is exothermic, bringing a heat
generation of 95.9 kJ per mole. This aspect is important, since it can be a con-
sistent contribution to the heat request of reaction 17.30, reducing to less than half
the heat required by the thermal decomposition. The global process, therefore, can
be seen as the reaction:

NH2 � CO� NH2ðsÞ þ H2OðgÞ ! 2NH3ðgÞ þ CO2ðgÞ; ð17:32Þ

in which the heat required is 89.6 kJ per mole.

17.2.3 Kinetic Model

The chemical reactions can be modeled by means of the source term _Y of
Eq. (17.6), which expresses the rate of change of the transported chemical species:

_Y ¼

Y :
1

Y :
2

..

.

Y :
NS

2
6664

3
7775 /

dC1

dt
dC2

dt

..

.

dCNS

dt

2
666664

3
777775
: ð17:33Þ

The model for the urea decomposition considers the following reactions:

NH2 � CO� NH2ðsÞ ! NH3ðgÞ þ HNCOðgÞ; ð17:34Þ

HNCOðgÞ þ H2OðgÞ ! NH3ðgÞ þ CO2ðgÞ: ð17:35Þ

The rate of reaction (17.34) can be considered as first order with respect to the
concentration of urea [26]:

r1 ¼ �k1CCO NH2ð Þ2 : ð17:36Þ

The same consideration applies to the calculation of the reaction rate of Eq.
(17.35), which is assumed to be a function of the concentration of water and
isocyanic acid:
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r2 ¼ k2CHNCOCH2O: ð17:37Þ

The rate of change of the species taken into account by the model is therefore
given by the following equations:

dCCO NH2ð Þ2
dt

¼ �k1CCO NH2ð Þ2 ; ð17:38Þ

dCHNCO

dt
¼ k1CCO NH2ð Þ2 � k2CHNCOCH2O: ð17:39Þ

The reaction scheme presented above, according to experimental measurements
available in the literature [26], is characterized by different values of the kinetic
constants ki, depending whether they occur onto a catalyzed bed or not. Focusing
on the urea thermal decomposition process, experiments [26] have shown that
reaction (17.38) is very rapid and is not affected by the presence of a catalyzed bed
of typical SCR systems, whereas the hydrolysis of isocyanic acid occurs only at
high temperature levels. According to this analysis, the values of the kinetic
constants that can be used for the simulation of urea thermal decomposition are:

k1 ¼ 4:9� 103e
�5505

RT ; ð17:40Þ

k2 ¼ 2:5� 105e
�14861

RT ; ð17:41Þ

An example of the application of a 1D model for the simulation of thermal
decomposition of urea can be found in Montenegro and Onorati [2]. Usually, the
solver is optimized just for the gas dynamics and not for the stability of the
reaction mechanism. As a matter of fact, the reaction mechanisms may be quite
stiff and therefore require very small time steps. The problem can be overcome
adopting a smaller time step also for the CFD, however this strategy may be not
convenient when several seconds of real time need to be simulated. Hence, stable
ordinary differential equation (ODE) solvers [22] are adopted in order to handle
the reaction mechanism. In particular, given a time step DtCFD for the gas
dynamics, whose choice for explicit methods is ruled by the CFL criterion [27], the
integration of the chemistry is performed following subcycles of integration to
solve the ODE system per each gas dynamic time step:

dYi

dt
¼ _Yi ¼ xi; ð17:42Þ

where xi expresses the rate of change, due to heterogeneous reactions, of the ith
chemical component:

xi ¼
Y tþDt

i � Y t
i

Dt
: ð17:43Þ

It has been demonstrated that the measurements of Yim could be reproduced
numerically with fairly good agreement using the kinetic constants determined
experimentally on the test rig [2].
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In Figs. 17.4 and 17.5, it is shown a comparison between the measured and
calculated gas composition downstream of a thermal reactor as a function of
temperature at two different space velocities, namely 32,000 and 65,000 h-1. The
feeding gas has been assigned with a fixed composition according to the mea-
surements in [26]: 250 ppm of urea, 5 % O2, 2 % H2O, and 93 % N2. Due to
thermal decomposition, the quantity of ammonia at the reactor outlet increases with
the catalyst temperature. The reaction scheme included in the 1D model has shown
a good reliability, since it is capable of predicting the composition trend at the
thermal reactor outlet at different gas temperature levels. Moreover, the influence of
the space velocity variation can be captured correctly. The presented model can,
therefore, be applied to a 1D model of an engine coupled to the intake and exhaust
systems. The liquid phase injected in the system can be tracked as a scalar quantity
representing the amount of water injected during a time step. Assuming a typical
number of droplets on the basis of modeling experience in the field of liquid sprays,
it is possible to estimate the amount of evaporated water and urea by means of heat
transfer correlations. The advantage of this approach is that the unsteadiness of the
process is fully captured, allowing to account for contributions such as temperature
discontinuities and heat losses on the thermal decomposition of urea. An example
of application on a real engine geometry, comprehensive of the chemistry occurring
also in the catalysts, can highlight the importance of a whole engine simulation. The
test case considered is an heavy duty 4.0 L four cylinder diesel engine running at
full load at 1,000 rpm. Figure 17.6 shows a 1D schematic of that engine where
three different reacting regions have been highlighted, namely the thermolizer, the
hydrolyzer, and the SCR catalyst.

The results presented in Fig. 17.7 show the concentration profile of the main
chemical species considered, along a typical Diesel engine exhaust system, in
which the three reacting regions have been supposed at a fixed temperature of
523 K. In particular, it can be noticed the abatement of the nitrogen oxide only
inside the SCR reactor, with the consequent decrease of ammonia. This conversion
efficiency is low because of the lack of NH3, that is completely exploited in this
reactor. The ammonia, as can be seen, is produced mainly by the thermal
decomposition of urea. In this operating condition the engine presents no ammonia
slip at the tailpipe outlet, but a non-negligible quantity of isocyanic acid and urea
would be discharged in the atmosphere. These results point out that a 1D com-
putational model can be a useful tool to optimize the urea injection strategy, in
order to reduce both the NOx emission and the slip of dangerous substances like
HNCO and ammonia. On balance, the 1D approximation has the main limit of
needing the definition of several tuning factors, such as friction factors, heat
exchange coefficients, and so on. These aspects are mainly related to the
assumption of uniform distribution of thermal and fluid dynamic quantities. A
correct prediction of the heat flux between the gas and the external ambient can be
assessed only with an accurate resolution of the near-wall temperature gradient, as
well as the flow resistance needs to be estimated resolving the near-wall velocity
gradient. All these aspects are modeled in 1D codes resorting to empirical cor-
relation. If we consider SCR systems, flow resistance and heat losses are not the
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only aspects that matter during the design phase. As a matter of fact, the injection
of UWS sprays requires usually the adoption of a mixing device, whose main role
is to provide a distribution of reducing agent as much uniform as possible over the
catalyst inlet section. This requirement is demanded by the one to one molar ratio
between nitrogen oxides and ammonia of the standard SCR reaction. Since the
NOx is uniformly distributed along the surface, its abatement is ensured by an
equivalent distribution of ammonia. The lower is the uniformity of the reducing
agent, the lower will be the catalyst efficiency. A 1D model is not able to capture
the distribution on the flow area of a chemical specie and the mixing process of the
reducing agent with the gas stream cannot be determined, unless further tuning
parameters are introduced. For this reasons a finer optimization of an SCR system
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cannot be performed resorting exclusively to a 1D analysis, but requires the aid of
a deeper investigation of specific aspects, such as the gas-spray interaction and
mixing, which can only be carried out resorting to multidimensional codes.

17.3 Multidimensional Models

17.3.1 Governing Equations

When gradients and field non uniformities along the flow section become guiding
factors of specific phenomena, such as gas mixing and spray evolution, the
modeling of these effects is regarded as fundamental to perform an accurate
prediction. In this scenario, the adoption 3D CFD codes represents the only fea-
sible way to follow. Among all the models available, the most used are based on
the finite volume approach for the discretization of partial derivative equations.
This formulation allows to express the set of equations in a conservative way for
any arbitrary mesh shape, without limiting the choice of the grid typology to be
used. Defining an arbitrary control volume, the integration of the conservation
equation can be generally expressed in the following form:

Fig. 17.6 Schematic of the 4.0 L heavy duty Diesel engine used for the simulation of the
complete SCR system under unsteady flow condition
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Z

V

o q/ð Þ
ot

dV þ
Z

S

q/U � ndS ¼
Z

S

QS /ð Þ � ndS

Z

V

QV /ð ÞdV ð17:44Þ

where the variable / represents a generic conserved variable and QS and QV are
surface and volume source terms, respectively. Performing the integral operation
and assuming / as the gas density q, Eq. (17.44) leads to the multidimensional
conservation equation of mass:

oq
ot
þr � qUð Þ ¼ _X: ð17:45Þ

This represents the overall mass conservation without referring to the chemical
composition of the gas. The source term of Eq. (17.45) takes into account the mass
exchange between the liquid and the gas phase. Since the liquid phase can be
present into two different forms, droplets coming from the injection of the water
solution and liquid film deposited onto the walls, two distinct terms have been
included in this equation:

_X ¼ _XSpray þ _XWallFilm: ð17:46Þ

The exhaust gas of an internal combustion engine is usually composed by
multiple chemical components (O2, CO2, NOx, and other compounds) each of them
is advected along the gas stream. Despite no diffusion of mass is considered in
Eq. (17.45), a single component may diffuse due to gradients in the composition.
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In particular, gradients in chemical composition are present at interfaces between
liquid and gas and also inside the gas, whenever the concentration of a single
component changes. These are typically originated by the opening of the exhaust
valve at the end of each combustion process. For this reason, additional equations
are solved for every chemical component:

o

ot
qYið Þ þ r � qUYið Þ ¼ �r � qCkrYkð Þ þ _XChemistry

k þ _XSpray
k þ _XWallFilm

k :

ð17:47Þ

This equation accounts for the presence of convection, diffusion, and source
terms due to the occurrence of chemical reactions and to the presence of an
evaporating wall film and liquid spray. The mass diffusion coefficient C is
determined assuming the Fick’s law of binary diffusion of a single component into
a multicomponent mixture. The momentum equation can be derived from
Eq. (17.44) assuming that the quantity / represents a vectorial quantity U:

o

ot
qUð Þ þ r � qUUð Þ ¼ �rpþr � sþ qf þ n: ð17:48Þ

The term s is the viscous stress tensor and can be expressed in a complete form
as:

s ¼ l rUþ rUð ÞT
� �

� 2
3

lrU � I: ð17:49Þ

The other two terms f and n account for body forces, such as gravity, and the
momentum exchange between the gas and the liquid spray, respectively.

The last conservation equation that can be formulated to completely define the
thermo-fluid dynamic state of a fluid is the conservation equation of energy. The
total internal energy is a quantity that well represents the thermodynamic state of
the fluid:

E ¼ U p; T ;xkð Þ þ Ek ¼ U þ 1
2

U � U; ð17:50Þ

With regard to energy conservation equation, we must consider the two types of
fluxes, namely the convective and the diffusive (thermal conductivity of the fluid):

FC ¼ qEU; FD ¼ �krT: ð17:51Þ

The volume source terms are the work of the volume forces fe plus the heat
sources (radiation, reactions or electrical resistance) given by:

QV ¼ qfe � Uþ qH: ð17:52Þ

The surface sources QS are the result of the work done on the fluid by the
internal shear stress acting on the surface of the control volume:

QS ¼ r � U ¼ �pUþ s � U: ð17:53Þ

17 Modeling the Gas Flow Process Inside Exhaust Systems 523



Considering all this contributions, the final formulation of the energy conser-
vation equation becomes the following:

oqE

ot
þr � qEUð Þ ¼ r � krTð Þ þ r � r � Uð Þ þ qfe � Uþ qH: ð17:54Þ

17.3.1.1 Modeling the Turbulence

The Navier–Stokes equations do not require assumptions about the particular type
of flow taken into account; however, a comprehensive simulation of a turbulent
flow would require a space and time discretization capable of resolving the Kol-
mogorov microscale and the time characteristic associated with it [28]. This
approach is extremely onerous from the computational point of view, since the

microscale scales with the inverse of Re
3
4 [29, 30]. The direct solution of the

Navier–Stokes equations is therefore not the suitable approach for the majority of
the problems encountered in practice. For this reason, a modeling of the turbulent
phenomena is needed to achieve accurate results and to reduce the computational
cost of simulations. In practice, the quantities can be expressed as a mean value,
plus a fluctuation due to randomness of the process considered. By performing a
suitable averaging process, the Reynolds averaged Navier–Stokes (RANS) equa-
tions can be obtained, in which the average of the fluctuating component gives rise
to additional term in Eqs. (17.47), (17.49), and (17.54):

oq
ot
þr � qUð Þ ¼ _XSpray þ _XWallFilm; ð17:55Þ

o

ot
quð Þ þ r � qUUð Þ ¼ �rpþr � s0 þ qf þ n; ð17:56Þ

oqE

ot
þr � qEUð Þ ¼ r � krTð Þ þ r � s0 � Uð Þ þ qfe � Uþ qH; ð17:57Þ

where

s0 ¼ s lð Þ þ sturb ltð Þ; ð17:58Þ

k0 ¼ k lð Þ þ kturb ltð Þ; ð17:59Þ

C0 ¼ C lð Þ þ Cturb ltð Þ: ð17:60Þ

The additional introduction of turbulent viscosity to the stress tensor in
Eq. (17.60) is called the Reynold’s stress tensor, while in the energy equation the
fluctuating component increases the thermal diffusivity by a turbulent contribution
(kturb). The same correction appears in the conservation equations of chemical
species, where the presence of a diffusion associated to fluctuations is introduced.

524 G. Montenegro and A. Onorati



In particular, the conservation equation of the i-th chemical specie becomes the
following:

o

ot
qYkð Þ þ r � qUYið Þ ¼ �r � q Ck þ

lt

Sct

� �
rYk

� �
þ _XChemistry

k þ _XSpray
k þ _XWallFilm

k ;

ð17:61Þ

where Sct is the turbulent Schmidt number defined as:

Sct ¼
lt

qCt

: ð17:62Þ

Determining the value of the turbulent viscosity lt is the main scope of the
turbulence model. In the classical k-e turbulence model, two transport equations
are solved for the turbulent kinetic energy (k) and its dissipation rate (e) to cal-
culate the turbulent viscosity:

lt ¼ qCl
k2

e
; ð17:63Þ

where Cl is a k-e model parameter whose value is typically given as 0.09. The two
transport equations are also characterized by the presence of constants which
depend on the model and on the phenomena taken into account. The main
drawback is that the dissipation rate of kinetic turbulent energy is constant for all
the length scales. This is not very well representative of the reality and requires the
adoption of particular functions to express the turbulence destruction near the
walls, the so-called wall functions. These are used to express the gradient of the
velocity when the mesh resolution is not adequately refined in the proximity of the
walls. An improved formulation of the k-e model (the RNG k-e) adopts an
expression for the source term of e which is function of the strain rate [31]. This
makes the model suitable for low Reynolds calculation and theoretically does not
require the adoption of wall functions. The main drawback of this family of
turbulence models, including also those based on a different formulation of the
dissipation rate, such as the k-x [32], is that turbulence is treated as an isotropic
property of the flow. Flows inside of exhaust systems equipped with turbochargers
and eventual mixers, to encourage the mixing between the injected reducing agent
(ammonia or urea) and the gas stream, are characterized by strong swirl compo-
nents. This highlights that turbulence may be an anisotropic property of the flow,
which can be taken into account only resorting to the transport of the Reynolds
stress tensor (Reynolds Stress Model) [33].

Particular care must be paid to the choice of the differencing scheme used for
the solution of the governing equations. The choice is not univocal, since a trade-
off between accuracy and computational cost exists. A first-order approximation
for the convection term is the most stable approach, however if the target is the
prediction of the mixing efficiency between ammonia and exhaust gas stream, then
the solution will be affected by a significant amount of artificial viscosity, com-
parable to the turbulent one [33]. This issue can be overcome resorting to more
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refined calculation grids, which on the other end may lead to excessively long
calculation time. The alternative is to adopt accurate differencing schemes, based
on linear interpolation, along with TVD smoothing techniques to prevent the
occurrence of spurious oscillations [28–30].

17.3.2 Modeling the UWS Injection

Since in SCR systems the urea/water solution is injected in the gas stream,
additional submodels are needed to simulate the interaction between the liquid
droplets and the exhaust gas. The most straightforward approach used in CFD for
the simulation of spray injection is the Eulerian–Lagrangian method, which allows
for detailed descriptions of individual droplets during their trajectories and their
interaction with the continuous phase [24, 34]. The other possible way of modeling
this aspect is the Eulerian–Eulerian approach. In this framework both the liquid
and the gas phase are modeled with the same strategy, resorting to an Eulerian
approach [35, 36]. The detailed resolution of the interaction between gas and
liquid is much more accurate, however the computational effort is significantly
higher, since it requires to discretize the injector hole and each single droplet,
leading to very refined computational meshes. This main constraint is removed
with the Eulerian–Lagrangian approach, where specific submodels are used to
simulate the interaction between the liquid jet and the surrounding gas. The
droplets injected in the gas are tracked with a Lagrangian approach and their
motion is coupled to continuous phase motion via Newton’s second law.

17.3.2.1 Spray Evolution

The spray droplets are described by stochastic particles which are usually referred
as parcels [37]. Each parcel represents a class of identical, noninteracting droplets,
and they are tracked through the physical space in a Lagrangian manner according
to the mass, momentum, and energy exchange with the gas (Eulerian) phase.
Additional phenomenological models are required to describe the various physical
processes taking place in the subgrid length scales such as atomization, breakup,
evaporation, heat transfer, turbulent dispersion, and collision. Spray atomization
and breakup can be considered as the same process [38], atomization models are
rarely used for simulation of urea/water solutions. Moreover, the low injection
pressure used in injection systems (typically 6–9 bar) suggests that the droplet
breakup occurs mainly due to the aerodynamic interaction between the droplet and
the gas stream. For this reason, the droplet distribution can be imposed according
to a certain random distribution of droplet diameters. A Rosin–Rammler law can
be imposed to represent the distribution of droplet diameters at the injection point,
assuming a known average diameter at the injection pressure typical of these
systems [39]:
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dp ¼ d �ln 1� nð Þ
1
n

h i
; ð17:64Þ

where d is the average diameter, n is a random number and n = 1.21 [39]. The
secondary breakup, which accounts for the aerodynamic interaction between the
liquid and the surrounding gas, can be modeled resorting to the WAVE model
[38]. In this model the wavelength and growth rate leading to breakup are deter-
mined by a linear instability analysis performed on a cylindrical liquid jet of fixed
radius, which penetrates through a circular orifice into a stationary incompressible
gas environment. Liquid breakup can be described by postulating that new droplets
are formed from a parent droplet with a radius proportional to the wavelength of
the fastest growing or the most probable unstable surface wave.

Spray evaporation and heat transfer with the surrounding gas phase must be
considered along with turbulent dispersion and droplet collisions [40].

Another important aspect that must be taken into account is how the spray
interacts with the rigid walls present in the system. This is particularly important in
SCR systems, since they are usually confined in limited space due to compactness
requirements, therefore offering little space for spray penetration. The interaction
between the spray parcels and the liquid film is modeled by the approach proposed
by Stanton et al. [41]. The droplet impingement regimes are determined by the
parameters describing the approaching droplets, the wall surface conditions, and
the gas boundary layer characteristics in the near-wall region. The collision of a
droplet with a liquid surface may result in sticking, spreading, bouncing, and
splashing [42], as summarized in Fig. 17.8. The impingement regimes are iden-
tified by the Weber number We:

We ¼
q V
!

P n!w

	 

d0

r
; ð17:65Þ

where V
!

P is the relative velocity between the droplet and the wall and n!w is
the face normal of the impinging wall. The following transition criteria are used:

– We \ 5: stick
– 5 \ We \ 10: rebound
– 10 \ We \ Wes: spread
– We [ Wes: splash

Wes represents the splashing threshold and is given by [43, 44]:

Wes ¼ 18ð Þ2d0
q
r

	 
1=2 l
q

� �1=4

f 3=4; ð17:66Þ

where q, r, l, d0, and f are the droplet density, surface tension, dynamic viscosity,
diameter at wall incidence, and frequency of droplet impingement on the film. The
impact frequency is calculated in each boundary surface for each time step as:
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f ¼ 1P
i Nd;i


Dt
; ð17:67Þ

where Nd,i is the number of droplets contained in a single parcel and Dt is the time
step. A detailed description of the correlations used for momentum and mass
exchange between the droplets and the liquid film in the rebound and splash
regimes can be found in [34, 43]. The splashing process is modeled by introducing
three new droplets in the mesh for each impinging droplet.

17.3.2.2 Droplet Continuity Equation

The effect of evaporation of the liquid droplet is the only term that appears in the
mass balance of a single liquid droplet. Its variation in time can then be expressed
as:

dmd

dt
¼ _md; ð17:68Þ

where _md is the evaporation rate, calculated as a function of the droplet diameter
D, of the liquid density qv, of the mass diffusion coefficient C, and of the Sherwood
number Sh:

_md ¼ �pDCqvSh ln 1þ Xv;s � Xv;1
1� Xv;s

� �
: ð17:69Þ

The Sherwood number can be evaluated resorting to the formula proposed by
Ranz-Marshall [45]:

Sh ¼ 2þ 0:6 Re1=2Sc1=3: ð17:70Þ

The terms appearing as argument of the logarithm in Eq. (17.69) are the molar
fractions of the species in the gas phase at a sufficiently far distance Xv,? and the
molar fractions at saturation. These terms are also used in a more compact form
and referenced as the Spalding number B:

Stick Rebound

SplashSpread

Fig. 17.8 Impingement
regimes identified in the
spray-wall impingement
model
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B ¼ Xv;s � Xv;1
1� Xv;s

: ð17:71Þ

These correlations are valid only for evaporating droplets; different expressions
must be considered when boiling occurs. In this case, the evaporation rate is
governed by the rate of transfer between the droplet at temperature Td and the gas
at the temperature T needed to realize the phase change:

dmd

dt
¼ � pDktNu

cp;v
ln

cp;v

Ĥv

T � Tdð Þ þ 1

� �
; ð17:72Þ

where the Nusselt number is evaluated according to the following equation:

Nu ¼ 2þ 0:6 Re1=2 Pr1=3: ð17:73Þ

17.3.2.3 Droplet Motion Equation

From the Newton’s law, the motion equation of the droplet can be stated as
follows:

md

dud

dt
¼ F; ð17:74Þ

where ud is the droplet velocity and F is the resultant of the forces acting on it,
namely the drag force and the gravity [39]:

F ¼ � pD2

8
qCD ud � uj j ud � uð Þ þ mdg: ð17:75Þ

Other forces can be considered in order to take into account the lift resulting
from the velocity gradient around the droplet or the virtual mass effect. However,
in SCR simulations they can be neglected, since their contribution is usually from
2 to 3 order of magnitudes lower than the others [39]. A typical expression for the
determination of the drag coefficient CD is:

CD ¼
24

Red

1þ 1
6

Re2=3
d

� �
Red\1000;

0:424 Red [ 1000;

8><
>: ð17:76Þ

where Red is the Reynolds number of the droplet evaluated on the basis of the
droplet-gas relative velocity:

Red ¼
q ud � uj jD

l
: ð17:77Þ
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Alternative formulations can also take into account the effect of high volumetric
fraction of liquid h, which is a case typical of injections at low pressure [46]:

CD ¼
24

Red

h�2:65 þ 1
6

Re2=3
d h�1:78

� �
Red\1000

0:424 Red [ 1000:

0
B@ ð17:78Þ

Furthermore, due to the interaction with the surrounding gas, the shape of the
droplet can change and consequently also its drag coefficient. This aspect can be
accounted for correcting the drag coefficient, according to what is proposed in
several publications [47, 48] (Fig. 17.9).

17.3.2.4 Droplet Energy Equation

The energy balance of the droplet can be expressed referring to its sensible
enthalpy Hd. The variation of the droplet sensible enthalpy is given by the con-
vective heat exchanged with the surrounding gas and by the heat of evaporation
required during the phase change:

md

dHd

dt
¼ _mdHv Tdð Þ þ pDktNu T � Tdð Þf : ð17:79Þ

The corrective coefficient f takes into account the contemporary occurrence of
heat and mass transfer. The Nusselt number is determined according to
Eq. (17.73). By combining Eqs. (17.68) and (17.79), it is possible to determine the
temperature of the droplet. In this process iterative procedures are usually adopted
to determine unknown quantities, moreover the properties of the saturated vapor
around the droplet are evaluated resorting to the one-third rule (Eq. 17.26).

17.3.2.5 Modeling the Urea/Water Solution

In this analysis, particular care must be paid to the way the urea–water solution is
modeled. Several works have been published on the modeling of UWS injection,
each of them resorting to specific simplifications of the problem [49–53]. The main
source of uncertainty is the lack of characterization of urea–water solutions at
various temperature levels. Additionally, the environment temperature at which
UWS is injected is quite often critical for two reasons: the gas temperature is
higher than the boiling temperature of the UWS droplet; the pipe wall temperature
is higher than the boiling temperature of the droplet. These two conditions make
the modeling of the UWS evaporation the major challenge in the simulation of
SCR systems. By reviewing the literature in the field of UWS injection, it is found
that the state of aggregation of urea is not clear during the evaporation of UWS. As
a matter of fact, it can be varied among solid, molten and gas phases, depending on
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the local thermophysical conditions. In particular, the high gas temperature can be
a source of a strong deviation from the so-called D2-law of the droplet [54].

This is caused by the fact that the concentration of the two components in the
solution changes during the evaporation, leading to possible high concentration of
urea, which may result in formation of solid components. The result is a formation
of a solid crust around the droplet which, due to the boiling of the inner liquid core,
will cause a sudden explosion of the droplet when the inner pressure increases
above a threshold level. Following the trajectory of a single UWS droplet, the
history of the events taking places on its surface or inside its core can be deter-
mined. Considering that the melting point of urea is known to be around 406 K, at
ambient temperature of 373 K only the water fraction evaporates from UWS
droplet. At 423 K urea near droplet surface is expected to melt and thermally
decomposes into ammonia and isocyanic acid. However, experimental observation
reported that a vigorous gas evolution from molten urea commences at 425 K [51,
54]. Solidification can be observed after the complete depletion of liquid com-
ponent from UWS. The deposits produced may be composed only by solidified
urea, because the first urea-derived species, biuret, begins to be generated from the
reaction of isocyanic acid with intact urea at 433 K. It has been demonstrated that
modeling the radial distribution of temperature and urea concentration inside the
droplet is not beneficial in terms of computational effort. Moreover, the compar-
ison with rapid mixing models, in which temperature and concentration are
assumed uniform over the droplet, does not show a significant improvement of
accuracy [51]. When the temperature of the droplet is below the melting point of
urea, the evaporation rate of urea can be modeled resorting to correlations avail-
able in the literature, which basically exploit the vapor pressure of solid urea [55].
Among all the proposed formulations, Bernhard et al. [56] characterized the vapor
pressure extending the range of temperature above urea melting point, preserving a
good matching of the formulation proposed by Krasulin [57]. In Fig. 17.10 it is
shown the typical change of slope due to the initial evaporation of water and then
to the gasification of urea followed by its immediate decomposition. Despite the
different formulation of the vapor pressure, what emerges by the characterization
of the UWS droplet is the low evaporation rate of urea if compared to water. This

Fig. 17.9 Droplet
deformation due to the
interaction with the
surrounding gas
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aspect, combined with the need of having compact mixing devices, results in a
frequent formation of liquid film with a higher concentration of urea than the
injected liquid.

17.3.3 Modeling the Formation of Liquid Film

Once the trajectory of each single droplet is known, it is possible to evaluate its
interaction with the walls included in the calculation domain. The definition of the
impingement regimes presented in the previous section allows to know the net
amount of mass that will form a liquid film over the walls. The interaction between
spray and the wall can be realized defining specific solution fields on the surfaces
where the formation of liquid film is likely to occur. These allow to define scalar
and vectorial fields for the solution of the conservation equations of mass,
momentum end energy [43, 58, 59]. The coupling between spray and wall film
models can be realized resorting to the definition of a finite area field [60], over
which the integration of the differential operations can be performed in a similar
way to the finite volume approach. Within this framework, a schematic repre-
sentation of a thin liquid film on a curved surface can be represented as in
Fig. 17.11, where it is possible to identify a curved wall surface Sw, with its normal
n, a free surface of the liquid film Sfs, a liquid film of thickness h and an assumed
velocity profile v, varying from zero at the wall to the free surface velocity vfs.

In order to derive the governing equations for the liquid film, the following
assumptions regarding the wall film behavior can be made:

• the film is thin enough for the boundary layer approximation to apply, i.e., the
spatial gradients of the dependent variables tangential to the surface are negli-
gible compared to those in the normal direction;
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Fig. 17.10 Two phases of
the D2-law during
evaporation of a UWS droplet
at ambent temperature of
423 K [54]
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• film motion is caused by the spatial variation in the tangential direction of the
total pressure pL, shear at the wall and film interface, tangential momentum
sources provided by incoming droplets, and body forces (e.g., gravity
acceleration);

• under boundary layer approximations, local liquid pressure pL within the film
can be taken to be constant across the film depth;

• liquid pressure pL consists of the following components: pressure of the sur-
rounding gas pg; droplet impact pressure pd; capillary (or Laplace) pressure pr;
and hydrostatic pressure ph. Thus, the liquid film is locally subject to the fol-
lowing pressure:

pL ¼ pg þ pd þ pr þ ph: ð17:80Þ

• the tangential momentum lost by the incident droplets provides a source of
tangential momentum to the wall film;

• the mass flux due to incident droplets may be represented by a spatially
smoothly varying function, so that conventional differential operations apply.

Using the above-mentioned modeling assumptions, the general liquid film
governing equations can be derived in the following way:

Z

Sw

oh

ot
dSþ

I

oSw

hm � vdL ¼
Z

Sw

_mS

qL

dSþ
Z

Sw

_mV

qL

dS; ð17:81Þ

where h is the local liquid film height, v is the height average liquid film velocity
tangential to the surface, qSw is the boundary line of the surface Sw, m is the unit
normal vector to the line qSw, which is at the same time tangential to the surface
Sw, qL is the liquid film density, _mS is the mass source surface density, and _mV is
the mass evaporating from the film. Referring to the single face area, the film
continuity equation can be expressed as a function of the film thickness, since the
assumption of incompressible fluid is valid:

oh

ot
þr � hUfð Þ ¼ SM þ SV: ð17:82Þ
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Fig. 17.11 Schematic
representation of a thin liquid
film
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The last term SV accounts for film evaporation under both dynamic and thermal
effects [58]. Since the impinging liquid spray is multicomponent (water and urea in
our case), species tracking must be considered in the film. A set NS-1 of con-
servation equations must be solved, where NS in the number of chemical com-
ponents considered:

ohYf;k

ot
þr � hUfYf;k

ffi �
¼ SM;k þ SV;k; ð17:83Þ

where Yf,k indicates the mass fraction of the k-th specie. The two terms SM,k and
SV,k, are the amount of the k-th species entering the film due to the spray impact
and leaving the film due to evaporation, respectively. Similarly, the liquid film
momentum equation can be formulated:

ohUf

ot
þr � hUfUfð Þ ¼ � 1

qf

r hpfð Þ þ sg � sw þ hgþ SU; ð17:84Þ

where sfs is the tangential viscous force at the free surface, sw is the tangential
viscous force at the wall, gt is the tangential component of gravity acceleration, rs

pL is the surface gradient of the pressure and Sv is the tangential component of the
momentum source from incoming droplets. In SCR systems the urea–water
solution is usually injected in the gas stream without undergoing a heating process,
so its temperature is close to the ambient one. Because of this, the impinging jet is
heated by the gas stream and then by the contact with the pipe walls or with the
mixer blades. In compact systems, typical of automotive applications, the droplet
heat up before the impact with rigid walls is not enough to get all the liquid
component evaporated. The process is therefore completed after the impact with
the walls and is governed by two phenomena: the heating of the liquid film and the
cooling of pipe walls due to the impingement of a colder liquid. This interaction
can be taken into account solving for the energy balance of the liquid and the
walls. The energy equation of the liquid film is expressed once again as a function
of the sensible enthalpy:

ohHs;f

ot
þr � hufHs;f

ffi �
¼ jg � jw þ SH; ð17:85Þ

where the source terms are the contribution due to: the heat flux exchanged with
the gas (jg), the heat flux due to conduction between the liquid and the pipe walls
(jw), and the enthalpy associated with the net mass of the droplet entering the
liquid film (SH). The film-gas heat flux terms accounts for the contribution of the
temperature gradient (js) with the addition of the heat flux required by the evap-
oration (SVhv, f):

jg ¼
kt;l

qf

oT

on

����
z¼h

þ SVhv;f ¼ js þ SVhv;f : ð17:86Þ

The conductive heat flux is determined by assuming a parabolic profile of the
temperature within the liquid film [58]:
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jw ¼ 3
kt;l Tf � Twð Þ

qfh
� 1

2
jg: ð17:87Þ

The energy balance of the pipe walls takes into account the conduction heat that
occurs inside the material and is coupled to the liquid film energy balance by
means of the jw term. Once the thermal properties of the walls are known, the
balance can be expressed referring to the temperature of the material:

qwcw

oTw

ot
� kt;wr2Tw ¼

jw=gqf

d
: ð17:88Þ

This variation depends on the thermal capacity of the pipe wall material, and in
general is very limited if only a narrow time interval is modeled. For steady-state
simulation the thermal capacity can be reduced by an arbitrary factor, in order to
speed up the thermal transient. However, if pulsating injection is modeled, this
strategy cannot be adopted and the time interval to model must be large, in order to
observe a significant temperature variation. The coupling with the solid wall
balance can be realized resorting to fluid structure interaction approaches, where
proper algorithms for coupling the solution matrices must be adopted, or resorting
to the definition of a finite area field representing the wall temperature. The heat
flux between the liquid film and the pipe walls is calculated resorting to the heat
conduction theory. In particular, inside SCR systems it may happen that the wall
temperature is much higher than the liquid film temperature (especially when a
liquid spray is approaching a dry surface), resulting in what is called the Le-
idenfrost regime. In this condition, a vapor cushion is formed between the film and
the wall, causing a drop in the heat exchange coefficient. The calculation of the
heat flux must therefore be corrected in order to take into account this particular
phenomenon [61]. However, this correction may not be enough for the prediction
of the liquid film dynamics, since it affects mainly the thermal balance. A cor-
rection of the momentum exchange between the liquid layer and the pipe walls
must be accounted for, in order to reproduce the reduced friction coefficient caused
by the vapor gap.

17.3.4 Discretization of Source Terms and Equations

Referring to the liquid film continuity Eq. (17.82), the source term related to the
arrival of droplets can be determined as:

SM ¼
4pqd

3AqfDt

XNd

i¼1

r3
i ; ð17:89Þ

where the amount of mass considered is given by the net number of droplets
designated to remain in the liquid film. The term SV is related to the evaporation
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rate of each component of the liquid film. It can be expressed in two different ways
on the basis of the flow regime:

• when dynamic effects are prevailing (high flow stream velocity):

SV;k ¼
sg

�� ��
qf u1 � usj j Bk þ 1ð Þ1=Sck�1

	 

; ð17:90Þ

• when thermal effects are prevailing (high gas temperature):

SV;k ¼
js

qfcp T1 � Tsð Þ Bk þ 1ð Þ1=Lek�1
	 


: ð17:91Þ

Once again, the ? subscript indicates the gas condition at far field from the
liquid film, whereas the condition s refers to quantities evaluated at the film surface
using the one-third rule. The specific heat capacity cp is evaluated with the one-
third rule, whereas Le indicates the Lewis number defined as the ratio between the
thermal diffusivity and the molecular diffusivity. This number can be also
expressed as the ratio between Prandtl and Schmidt numbers:

Le ¼ Sc
Pr
: ð17:92Þ

All these equations are valid for evaporating liquid film regimes. When boiling
occurs an additional term, evaluated on the basis of the first principle of ther-
modynamics, needs to be added. The overall evaporation rate can be derived from
the evaporation rate of each single component:

SV ¼
XNf;C

k¼1

SV;k: ð17:93Þ

The source term in the film momentum equation is considered to account for the
interaction between the impinging spray and the pre-existent liquid film. This is
particularly important in SCR systems, since the spray axis is alway angled with
respect to the normal direction of the pipe and mixer walls. For this reason, the
contribution to the film momentum can be decomposed into two components: one
normal to the wall surface and the other one tangential (t), laying on the same plane
of the face representing the wall. The former can be included in the film pressure
equation, since it acts as an increase of pressure due to the canceling of the
momentum in that direction. The latter, instead, is considered in the momentum
equation as follows (SU):

SU ¼
4pqd

3AqfDt

XNd

i¼1

r3
i ui � tð Þt: ð17:94Þ
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Concerning the film energy conservation equation, the contribution of the
sensible heat of the impinging droplet depends on the temperature of the droplet
itself:

SH ¼
4pqd

3AqfDt

XNd

i¼1

r3
i Ĥd;i; ð17:95Þ

where Ĥd;i is the specific sensible enthalpy of the droplet.
From a numerical point of view, it is convenient to write the liquid film gov-

erning equations in a general surface integral form as:

d
dt

R
S

hU dSþ
H
oS

hm � vU dL ¼
R
S

sU dS; ð17:96Þ

where U represents a generic scalar or vectorial quantity and sU is the source term.
This surface transport equation (Eq. 17.96) is discretized using the Finite Area
Method (FAM) on a surface unstructured mesh consisting of arbitrary polygonal
control areas. Figure 17.12 shows a sample polygonal control area SP around the
computational point P located in its centroid, the edge e, the edge length Le, the
edge unit bi-normal vector me, and the centroid N of the neighboring control area
sharing the edge e. The bi-normal me is perpendicular to the edge normal ne and to
the edge vector e. Applying a second-order collocated FAM, Eq. 17.96 can be
discretized on the control area SP (see Fig. 17.12) as follows:

d hPUPSPð Þ
dt

þ
P

e

heme � veLe Ue ¼ ðsUÞPSP; ð17:97Þ

where the subscripts P and e represent the face-center and the edge-center
values. The edge-center value of the dependent variable U is calculated using the
following linear interpolation formula:

Ue ¼ ðTeÞT � exTP � UP þ 1� exð ÞTN � UN½ �: ð17:98Þ

where ex is the interpolation factor, which is calculated as the ratio of the geodetic
distances eN and PeN (Fig. 17.12):

ex ¼
eN

PN
; ð17:99Þ

and TP, TN, and Te are the tensors of transformation from the global Cartesian
coordinate system to the edge-based local coordinate system defined in Fig. 17.13.
Dependent variables in the convection term in Eq. (17.97) can be discretized using
interpolation methods which locally blend linear and upwind interpolation
schemes in order to preserve boundedness. The temporal discretization is per-
formed by using the first-order accurate Euler implicit scheme [28].

Liquid film governing equations are solved using the segregated solution pro-
cedure, where the two equations are separately solved and coupling is recovered
through the iterative procedure.
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17.3.5 Examples of CFD Application

All the submodels presented in the previous subsections have been implemented in
an open source CFD code, OpenFOAM� [62], in order to show the potentialities of
a CFD analysis of the exhaust system equipped with urea injection device. Most
often, the prediction of a CFD calculation may be erroneously considered as the
truth of what is happening at a certain scale level. Unfortunately, this misinter-
pretation may lead to wrong considerations in the case the prediction exactly
matches some experimental results (obtained directly or indirectly), hence one
may assume that it tells the truth, or in the case it does not match exactly the
experimental measurement, hence judging that the model does not capture the
physics correctly. Considerations drawn from the analysis of the calculated results,
must be seen at the light of captured trend instead of exact value matching. In first
place, every model for the simulation of a complex process, such as the injection
of a multicomponent liquid phase into a hot gas stream, is based on simplifications,
otherwise the fully detailed modeling of the phenomena would be much more
expensive than the experimental testing of several prototypes. In second place, the
experimental measure is usually carried out indirectly, hence hiding the effects that
other phenomena may introduce in the overall process. In particular, the quality of
the mixing between the ammonia, generated by the thermal decomposition of the
injected urea, and the gas stream is indirectly measured by the abatement effi-
ciency of the SCR catalyst, because of the 1 to 1 molar ratio between ammonia and
nitrogen oxides. This direct correlation neglects the eventual impact of solid
deposit formation during the operating conditions, or the deposition of liquid
droplets onto the catalyst surface.

Additionally, CFD simulations are carried out considering steady-state simu-
lation of both the UWS injection and mixing devices, imposing steady-state
boundary conditions corresponding to averaged mass flow and temperature values.
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Fig. 17.12 Polygonal control area
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This is obviously far from what happens inside of an exhaust system, when the IC
engine is mounted on the test bench. The pulsating flow coming from the cylin-
ders, together with discontinuities in the gas composition and temperature, may
affect the global mixing efficiency. For this reason, an important perspective of
simulation can be sought in the usage of time varying boundary conditions or in
the adoption of hybrid models in which 1D and 3D codes are fully integrated [63].
In this section, the applications of a CFD model to simple test cases is presented, in
order to highlight the aspects that can be investigated. In particular, in order to
compare the calculation results with similar calculations performed with a different
CFD tool, the test case modeled by Strom [39], has been analyzed. The case
chosen for the comparison is the one with the highest volumetric flow (100 m/s) at
the highest gas temperature (573 K), in order to easily highlight the behavior of
gas stream and droplets. In Fig. 17.14a, b the droplet diameter and temperature are
displayed, respectively. It is shown that the droplets with the smallest diameter are
easily dragged by the gas stream, as they remain confined in the upper region of
the pipe, whereas the droplets with larger diameter preserve their momentum,
showing a lower deviation from the injection direction. The small droplets,
instead, are characterized by a velocity close to that of the gas stream (Fig. 17.15)
and are heated up more quickly.

The quicker heat up of the smallest droplets leads to an evaporation of the water
fraction of each droplet. This is visible in Fig. 17.16a, b, where the droplets with
the largest diameter show a negligible evaporation of both water and urea. As the
droplet size decreases, the quicker heat up leads to an almost complete evaporation
of the water fraction. Since the droplet temperature is lower than the urea thermal
decomposition threshold, the evaporation of urea is very limited, hence the frac-
tion of urea tends to unity. As previously described, the urea fraction of each single
droplet evaporates with a rate close to the solid urea sublimation. The gaseous urea
is then thermally decomposed with the rate described in Eq. (17.36). The inte-
gration of the chemistry has been performed resorting to an ODE solver based on
the SIBS algorithm [64] according to what has been described in the section
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Fig. 17.13 Edge-based local coordinate system
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Fig. 17.14 UWS spray: droplet diameter and temperature distribution

Fig. 17.15 UWS spray: droplet velocity distribution

Fig. 17.16 UWS spray: urea and water molar fraction inside the droplets
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relative to 1D models. In Fig. 17.17, it is displayed the gaseous mass fraction of
ammonia resulting from the thermal decomposition of the evaporated urea. As can
be seen, the ammonia produced is confined in the upper region of the pipe, as a
consequence that only the small droplets are likely to evaporate quickly. This
aspect suggests that at high flow conditions the presence of the mixer is funda-
mental to have a uniform distribution of ammonia at the inlet of the catalyst.

Considering that the test case modeled has a length of 1 meter, it is evident that,
even considering the most favorable condition for complete evaporation, namely
high mass flow rate and gas temperature, the length required for complete evap-
oration is not enough. This consideration indicates that in real engine applications
the space available to complete evaporation is usually not sufficient due to com-
pactness issues. This justifies the adoption of a mixer, placed either upstream or
downstream of the injection point, as a device to increase the turbulence intensity
in the gas stream, so that the droplet-gas mass transfer and the gaseous species
mixing are enhanced. As a secondary effect, the presence of the mixer favors the
wall-droplet interaction, in order to generate smaller droplets when the impact
occurs and to improve the evaporation rate by the formation of a liquid film.
Therefore, in real applications an important role is played by the liquid film layer
formed onto the pipe surface and on the mixer blades. The validation of liquid film
models is very difficult to be performed, since in the literature there are few works
about this topic with a detailed experimental characterization [65]. In particular,
the approach presented has been validated for the case of a single component
liquid spray designed for port fueled spark ignition engines [66]. In this section it
is presented a simple test case which shows the dynamics of the interaction
between the UWS spray and the pipe walls, highlighting the contribution to the
evaporated urea coming from the spray and from the liquid film. To reproduce
realistic operating conditions, the spray injection is directed with a angle of 45 �

with respect to the pipe axis. The operating conditions are summarized in
Table 17.1. In particular, a null mean flow condition was taken into account in
order to facilitate the analysis of the results. After the injection, the UWS spray
reaches the pipe wall opposite to the injection section, where the formation of the
liquid film layer occurs. Assuming this instant as the time 0, Fig. 17.18a, b show
the evolution of the liquid film thickness during the first 15 ms. In particular, the
liquid layer is spread along the pipe axis due to the momentum of the impinging

Fig. 17.17 Ammonia mass fraction in the gas stream
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liquid droplets. The highest film section is reached in the region where the incident
spray impacts on the film.

When the droplet enters the liquid film, it brings a momentum source but also a
contribution to the energy balance of the film itself. In Fig. 17.19a, b it is shown
the temperature of the liquid film at two different times. The coldest region lays in
the point where the cold spray core reaches the wall. The temperature of the spray
remains close to the injection temperature, due to the short space and time
available to realize a significant heat up of the droplet. The peripheral regions of
the liquid film are characterized by a low layer thickness, ending up in a quicker

Table 17.1 Initial conditions
test in the calculations

Injection pressure (bar) 8.52
Injection velocity (m/s) 37.701
Injection temperature (K) 300
Gas temperatures (K) 550
Wall temperature (K) 550
Wall heat specific capacity (J/m3K) 3,532,500
Wall heat conductivity (W/mK) 18
Wall thickness (m) 0.002
Pipe diameter (m) 0.05

Fig. 17.18 Liquid film thickness during the UWS injection: a 0 ms, b 15 ms
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heating due to the heat exchanged with the surrounding gas and the pipe walls. A
narrow spray cone angle (14 deg) has been imposed, in order to have a high impact
frequency, resulting in an impact regime confined within the splash and spread

Fig. 17.19 Liquid film temperature at two different times: a 5 ms, b 20 ms

Fig. 17.20 Visualization of
the temperature level of the
liquid fraction inside the
computational domain after
20 ms: spray and wall film
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regimes. The formation of liquid film is therefore immediate and the average
temperature at which the droplets hit the wall surface is around 320 K, meaning
that there is an increase of temperature of about 20 K (mainly determined by the
small droplets). Figure 17.20 shows the temperature of the liquid fraction in the
calculation domain, namely the spray and the liquid film. The size of the droplets
is not scaled with the diameter, they have all the same size, in order to highlight
the temperature at which the impact occurs. It can be seen that the spray core is the
portion at the lowest temperature, while the particles at higher temperature are
those characterized by a small diameter, as a result either of the injection model or
of the splashing regimes occurring. The wall temperature, assuming for simplicity
sake that the pipe is adiabatic with respect the external environment, shows a
consistent cooling in the region where the liquid jet core hits the wall surface
(Fig. 17.21a, b). Considering the limited time simulated, the effect of wall thermal
conductivity can be neglected, since it is characterized by a higher characteristic
time. The portion of the surface covered by the dragged liquid film remains at a
higher temperature, since the liquid has been heated by the wall during its path
along the pipe and therefore the cooling effect is weaker than in the region where
the impingement occurs. Moreover, in all these observations it has to be consid-
ered that the film is heated also by the surrounding air via convection. The
combination of all the effects results in the determination of the evaporation rate,
which shows that the main contribution to the production of water and urea in
gaseous phase is the evaporation of the liquid film. As shown in Fig. 17.22a, b,
where the thermal decomposition of urea has not been modeled, after 15 ms it is
evident that both gaseous water and urea are produced by the evaporation of the
liquid film, whereas the contribution of the spray is almost negligible, especially
for urea. Additionally, the two figures show how the profile of the two species is
identical with different values of mass fractions, due to the lower evaporation rate
of urea. Referring to a real engine configuration (Fig. 17.23), it appears evident
how limited is the space available to the spray to completely evaporate. Following
the trajectory of the UWS droplets, once again it can be noted that the smallest
droplets are strongly deflected from the direction of the nozzle axis. These droplets
then undergo a heating process, ending their trajectory by hitting the mixer walls.
The large diameter droplets, instead, hit the mixer walls in the lower region due to
the weaker deflection caused by their higher inertia. Figure 17.23 shows also the
difference between the urea produced by the spray and by the liquid film. In
particular, the yellow cloud represents the urea evaporated from the liquid film,
whereas the red one represents the portion coming from the spray. Both the clouds
have been plotted thresholding the two fields with the same minimum value. Once
again, the result indicates that the major contribution to the urea, hence ammonia,
production comes from the liquid film. The small contribution of the spray is
mainly due to the small droplets that are recirculated by the vortexes originated at
the sharp edges of the geometry. These droplets remain trapped in the recirculation
vortex and therefore have enough time to heat up and evaporate.

The final purpose of the UWS injection and its mixing with the gas stream is the
need of having an homogeneous distribution of ammonia at the catalyst inlet. As
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Fig. 17.21 Wall temperature during UWS the injection: a 0 ms, b 15 ms

Fig. 17.22 Evaporated mass fraction of water and urea during the UWS injection
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anticipated, the 1 to 1 molar ratio between ammonia and nitrogen oxide, required
by the standard SCR reaction, implies that regions in the gas stream, where the
concentration of ammonia is low, keep their content of nitrogen oxides. This fact
correlates the catalyst efficiency to the degree of uniformity of the reducing agent,
namely ammonia. This strong link facilitates the optimization of the SCR systems,
since it is enough to estimate how uniform is the distribution of ammonia at the
catalyst inlet to know if the system can operate efficiently or not. The level of
ammonia distribution uniformity can be determined by the CFD analysis, resorting
to different definitions a uniformity index. The most used formulation of the
uniformity index is based on the probing and averaging of the mass fraction of
ammonia along a surface at the inlet of the catalyst [67, 68]:

UI ¼ 1�
P

i YNH3;i � YNH3

�� ��Ai

2
P

i YNH3;iAi

; ð17:100Þ

where YNH3;i indicates the local value of the mass fraction of ammonia at the face
center of a sample surface upstream of the catalyst, while �YNH3 is the average value
of the ammonia mass fraction over the sampling surface. In case of ammonia
equally distributed over the sampling surface, the index would reach the unity,
whereas a peak of ammonia localized in a small portion of the sampling surface
would lead to values close to zero. The calculation of this index must be performed
over a planar surface parallel to the one representing the catalyst inlet, requiring
that the mesh of the domain is oriented accordingly and possibly hexahedral. In
case the mesh contains tetrahedral elements, and consequently does not allow for
the definition of such surface, surface cutting techniques together with field
interpolation must be adopted.

Fig. 17.23 Distinction between urea produced by the evaporation of the spray and by the
evaporation of the liquid film
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Chapter 18
Dual-Layer Ammonia Slip Catalysts
for Automotive SCR Exhaust Gas
Aftertreatment: An Experimental
and Modeling Study

Isabella Nova, Massimo Colombo, Enrico Tronconi,
Volker Schmeißer, Brigitte Bandl-Konrad
and Lisa Zimmermann

Nomenclature
Ci Gas-phase concentration of species i [mol/m3gas]
Ej Rate parameter for T-dependence of reaction j [K]
k�j Logarithm of rate constant of reaction j at Tref [-]
kads-PGM Rate constant for NH3 adsorption [1/s]
KNN Rate parameter in (Eq. 18.18) [m3/mol]
KNO Rate parameter in (Eq. 18.19) [m3/mol]
KNHNOOX Rate parameter in (Eq. 18.20) [m3/mol]
KNO2-PGM Rate parameter in (Eq. 18.21) [m3/mol]
Keq

NO2
equilibrium constant of reaction (R4) [1/bar0.5]

PO2 Partial pressure of O2 [bar]
Q Flow rate [m3/s]
R Ideal gas constant [J/mol K]
rk Rate of reaction k mol

m3
cats

ffi �
T Temperature [K]
Tref Reference temperature [K]
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Greek Symbols
a Rate parameter in (Eq. 18.2) [-]
hPGM

j
Surface coverage of adsorbed species j on PGM catalyst [-]

hSCR
j

Surface coverage of adsorbed species j on SCR catalyst [-]

18.1 Introduction

To reduce NOx emissions from lean exhaust gas (e.g., Diesel exhausts) selective
catalytic reduction by NH3 (NH3-SCR) has become an established process for
passenger cars as well as for heavy duty vehicles [1].

The reducing agent, NH3, is adsorbed onto the SCR and then consumed by NOx
reduction reactions. The amount of ammonia fed to the reactor must be controlled
depending on the operating conditions in order to maintain a high level of NH3

adsorption and NOx conversion of the SCR on the one hand. On the other hand,
NH3 emissions from the aftertreatment system into the environment are not desired
and have to be avoided. In order to reduce as much as possible the amount of
released ammonia, the addition of another catalytic device downstream the SCR
one can be an efficient and reliable solution. Furthermore, to maintain the system
as compact as possible, one solution is to add an ammonia oxidation functionality
directly in the rear part of an SCR monolith (Fig. 18.1a). In this way, an NH3 slip
catalyst (ASC) is added after the SCR to oxidize NH3 leaving the SCR brick [2].

For a high NH3 oxidation activity of the ASC, precious metals (e.g., Platinum)
can be recommended as catalysts [3]. However, this class of catalysts shows a bad
selectivity to N2, i.e., the desired product. As a solution, the combination of a
precious metal containing component with an SCR one presents advantages
regarding both NH3 conversion and selectivity properties of the resulting ASC
catalyst [2, 4]. This combination may be realized in a dual-layer architecture,
where the bottom layer contains a platinum-based catalyst which oxidizes
ammonia, while the upper layer consists of an SCR catalyst (Fig. 18.1b) [4]. The
N2 selectivity in this case is increased, as NOx being formed in the lower oxidation
layer must diffuse through the SCR layer above where it can be selectively reduced
(Fig. 18.1c). Such an SCR-ASC system enables minimal NH3 breakthrough at
increased NOx conversion of the aftertreatment system.

The positive interaction of an oxidation catalyst with an SCR one for ASC
applications was also presented by Kamasamudram et al. [5]. In their detailed
study, these authors investigated an ASC catalyst that combined the high oxidation
activity of a PGM-based component with a zeolite-based SCR component, without
specifying however the spatial arrangement of the two components. Also in this
case, the resulting ASC catalyst exhibited high activity in the NH3 oxidation and
high selectivity to N2. Furthermore, the analysis of experimental data pointed out
that the overall ASC behavior resulted from the superposition of the chemistries of
the two components.
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At such a high degree of complexity of modern exhaust after treatment systems,
modeling and simulation of the catalyst performances play an important role as
part of the total system simulation in the automotive development process. The
processes occurring on the SCR catalysts are already well understood and modeled
[6–12], whereas this is not the case for the ASC, for which only a few literature
surveys exist [2, 3, 13–15]. Scheuer et al. [3] presented a mechanistic kinetic
model for ammonia oxidation over a PGM catalyst. Such a model was derived
from previous literature works [16, 17] and includes the following reactions: NH3,
O2 and NO adsorption/desorption from the catalytic sites, NH3 activation and N2,
NO and N2O formation, with the last three species being the main NH3 oxidation
products. The model consists thus of seven reactions that are assumed to proceed

Fig. 18.1 Dual-layer ASC
concept a configuration of
exhaust line including SCR
and ASC catalyst bricks
b Washcoat arrangement in
ASC zone c reaction scheme
over dual-layer ASC catalyst
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over two different catalytic sites, identified as hollow and on top Pt sites. The same
model was then extended in [2] in order to include also the oxidation of NO to
NO2, a process well known to occur on Pt-based catalysts. In the same chapter the
PGM model was coupled with a kinetic model of an SCR catalyst and used to
simulate the behavior of a dual-layer NH3-slip catalyst under typical automotive
Diesel exhaust conditions.

The functionality of a dual layer ASC catalyst has been investigated and also
mathematically described in our labs [18, 19] in order to enable the simulation of
vehicle tailpipe emissions. However, this dual-layer setup required a dedicated
investigation of the single washcoat layer processes and an appropriate structure of
the mathematical model in order to describe such synergetic effects.

The present contribution reviews and further extends the development of a
chemically consistent mathematic model of such dual-layer ASC converters
performed in [18–20]. A preliminary step involved the catalytic activity study and
the kinetic modeling of the SCR component of the ASC system [6], namely a state-
of-the-art Fe-zeolite SCR catalyst. The developed SCR kinetic model considered,
besides the well-known NO/NO2/NH3 SCR reactions (e.g., Standard-, Fast- and
NO2-SCR) also the N2O reactivity with NOx and NH3, an important feature in
order to accurately reproduce high-T operation of SCR converters based on
Fe-zeolite catalysts. Then, the PGM component of the ASC was studied under
typical automotive conditions (e.g., at low temperatures and in presence of NOx,
including NO2) and in the powdered form, in order to gain intrinsic kinetic
information and develop a consistent kinetic model, which was validated against
data collected over a single-layered PGM monolith [18, 19]. The potential inter-
actions of the chemistries associated with the PGM and SCR active phases were
further analyzed by means of two different reactor configurations involving either
the sequential use of the two catalysts or their intimate mixing [18].

Finally, the SCR and PGM kinetics were implemented in a mathematical model
of dual-layer monolithic catalysts, specifically developed for SCR ? PGM NH3

slip catalysts [20] and validated against experimental data collected over the full
dual-layer ASC monolith catalyst [19].

18.2 Methods

The dual-layer ASC system herein studied consisted of commercial state-of-the-art
PGM and SCR catalysts: the PGM catalyst was a Pt/Al2O3-based system, while an
Fe-zeolite was used as the NH3-SCR catalyst component. The original ASC
monolith was a dual-layer system with an SCR layer coated on top of a PGM one.
For the present study, in addition to the dual-layer monolith, the SCR and PGM
catalysts were supplied both in the form of precursor powders of the monolith
washcoat and in the form of single washcoated monoliths (400 CPSI, wall
thickness = 5 mils).
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18.2.1 Experimental

Powdered catalysts—Kinetic runs over the powdered catalysts were carried out in
a flow-microreactor consisting of a quartz tube (6 mm i.d.) placed in an electric
oven. Three different reactors were prepared for the present study: one was loaded
only with the PGM catalyst, two were loaded with both SCR and PGM ones. In
this latter case two different configurations were studied, named in the following as
‘‘Double Bed’’ and ‘‘Mechanical Mixture’’ configuration. In the case of the Double
Bed (DB) configuration two consecutive catalyst beds were loaded in the mic-
roreactor, where the SCR catalytic bed was followed by a PGM bed. By contrast,
the Mechanical Mixture (MM) configuration involved the intimate mixing of the
two powders into a single catalytic layer. The amount of PGM catalyst loaded in
the reactor in case of both ‘‘Double Bed’’ and ‘‘Mechanical mixture’’ was equal to
that loaded in the case of runs over the PGM catalyst only, while the relative
proportions of the two catalysts were representatives of typical SCR/PGM wash-
coat load ratios in dual-layer ASC monoliths.

The reactor outlet was directly connected to a quadrupole mass spectrometer
(Balzers QMS 200) and to a UV-analyzer (ABB LIMAS 11HW) in parallel. NH3,
NO, NO2, N2O, O2 and He were dosed from bottled calibrated gas mixtures by
mass flow controllers, while water vapor was added by means of a saturator. The
catalyst temperature was measured by a K-type thermocouple directly immersed in
the catalytic bed.

The catalysts were conditioned in a T-ramp at 5 �C/min up to 600 �C in 8 % O2

v/v, and 8 % H2O v/v and keeping them at 600 �C for 5 h. Kinetic runs included
transient and isothermal steady-state experiments in the 150–550 �C temperature
range. Typical feed concentrations of NOx and NH3 ranged between 0 and
1000 ppm, always in the presence of O2 (8 % v/v), H2O (8 % v/v) and balance He.
A detailed description of the experimental equipment and procedures can be found
elsewhere [21].

Monolith catalysts—Different core monolith samples (6 cm3 volume, 400 CPSI,
wall thickness = 5 mils) were tested, either coated only with the individual SCR
and the PGM components, or coated with the SCR layer on top of the PGM one.
The latter monolith represents the real configuration of the studied dual-layer ASC
system.

Isothermal steady-state and transient tests were performed within the
150–550 �C T-range over core drilled monolith samples of cylindrical shape. The
catalyst temperature was monitored by two thermocouples placed, respectively, at
the monolith inlet and outlet. The feed section of the rig for monolith tests con-
sisted of a set of mass flow controllers to dose N2, NH3, NO, NO2, CO2 and O2,
while H2O was added to the feed stream by means of a vaporizer through a heated
pipeline. The following analytical equipment was used: NH3 was detected by
microwave process analysis (Mipan), NOx by Chemiluminescence techniques
using a modified low-temperature NO2 converter (CLD Ecophysics) and N2O by
means of a nondispersive infrared analyzer (NDIR). NH3 was removed before the
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CLD by means of an NH3 gas scrubber. The catalyst conditioning procedure was
the same as for the powder samples. Typical feed concentrations of NOx, and NH3

were 0–500 ppm, with O2 = 8 % v/v, CO2 = 8 % v/v, H2O = 8 % v/v and
balance N2. The space velocity, in this case referred to the monolith volume, was
set to 100,000 h-1. Further experiments based on a DOE-plan were carried out in a
synthetic gas reactor over the dual layer coated ASC monolith samples. The DOE
schedule was designed to assess the main influence of parameters such as
temperature, space velocity, the NH3/NOx ratio and the NO2/NOx ratio.

A detailed description of the experimental equipment and procedures can be
found elsewhere [21].

18.2.2 Modeling

Packed-bed micro-reactor model (powdered catalyst)—For both the SCR and the
PGM components of the ASC, experimental data collected over the powdered
catalysts have been analyzed according to a heterogeneous one-dimensional plug-
flow dynamic reactor model that assumes the catalytic bed to be isothermal and
isobaric [22].

Tables 18.1 and 18.2 report the list of reaction steps included in the SCR and in
the PGM kinetic models, respectively, to fully describe the NH3–NOx/O2 reacting
system in the whole T-range. The corresponding rate expressions are also reported.

The parameters included in the rate equations were estimated by global
multiresponse nonlinear regressions based on the least squares method. For this
purpose the BURENL routine, developed by Prof. Guido Buzzi-Ferraris, has been
used [23, 24].

PGM/SCR ‘‘Double Bed’’ simulations were carried out through the sequential
implementation of SCR and PGM kinetics within the just described reactor model.
Due to the arrangement of the two catalytic beds (SCR catalyst followed by the
PGM catalyst), the output of the SCR layer simulation was used as input data for
the simulation with the PGM model. By contrast, the simulation of the data
collected over the SCR/PGM ‘‘Mechanical Mixture’’ configuration called for a
dedicated model accounting for the simultaneous presence of two active phases in
different amounts. Again, a heterogeneous one-dimensional plug-flow dynamic
reactor model has been employed, assuming the catalytic bed to be isothermal and
isobaric, with a homogeneous, perfectly mixed distribution of the two active
phases [18].

Monolith reactor model—For validation purposes, the kinetic models of the
SCR catalyst [6] and of the PGM catalyst [18] were used to simulate catalytic
activity runs over honeycomb monoliths coated with the SCR and the PGM
component, respectively, of the studied ASC system. In the case of the SCR
catalyst, the kinetics were implemented in a heterogeneous dynamic 1D ? 1D
model of a single monolith channel, accounting both for external (gas–solid) and
internal (intra-porous) mass transfer resistances [12, 25, 26]. Model simulations
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were then systematically compared with experimental data collected over core
monolith samples coated with the Fe-zeolite SCR catalyst. The data set for kinetics
validation covered the whole NH3/NO/NO2/N2O SCR reacting system. The tem-
perature varied between 150 and 550 �C, including both steady-state and transient
runs.

A similar approach was used to validate the PGM kinetics: data were collected
over a PGM coated monolith and systematically compared with predictive model
simulations. However, a different reactor model was used in this case. Indeed,
simulation analysis of PGM coated monolith catalysts [20] pointed out that the
extremely high reaction rates over this catalytic system result in full mass transfer
control above 250 �C. For this reason, we assumed that in the case of washcoated
monolith samples only the PGM washcoat surface was effectively active, thus we
treated the PGM layer as a surface. The kinetics developed over the powdered
PGM catalyst were thus referred to the catalyst surface and directly included in the
PGM monolith model.

The same approach for the PGM phase modeling was adopted in the development
of the mathematical model of Dual-Layer ASC monolith catalysts [20]. Such a
model, named LSM (Layer ? Surface Model), was based on the mathematical
model for SCR monolithic converters [12, 25, 26]. As detailed in the following, the
PGM reactivity was directly included in the mentioned SCR converter model by
simply modifying the inner boundary condition for the diffusion–reaction equations
within the SCR layer, i.e., the boundary condition at the interface with the PGM
phase. It is worth emphasizing that the LSM model reduces to the PGM monolith
model when the SCR layer thickness approaches zero.

18.3 Derivation and Validation of the SCR Model

18.3.1 Reaction Network and Kinetic Scheme Over the SCR
Component

A systematic kinetic investigation of the full NO/NO2/N2O–NH3 SCR reacting
system was performed over a commercial Fe-promoted zeolite catalyst in the form
of powder in a representative temperature range (150–550 �C) at high space
velocities. The reacting systems typical of real SCR operating conditions have
been addressed separately according to a strategy of increasing complexity, and
analyzing for each of them the effects of T, space velocity, reactant feed con-
centrations, and NO2/NOx feed ratio [6].

Ammonia adsorption/desorption—The interaction of NH3 with the catalyst
surface is obviously important for SCR applications, as it is well known that the
DeNOx performances and the dynamics of SCR converters are governed by
the reactivity of adsorbed NH3. The adsorption–desorption behavior of NH3

(R.1–R.2 in Table 18.1) was first studied performing isothermal NH3 feed
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concentration step changes (TRM) at different temperatures (150, 200 �C)
and with different NH3 feed concentration (500, 1000 ppm) followed by a
Temperature Programmed Desorption (TPD) experiments with different heating
rate (15, 20 �C/min).

The results, herein not reported for brevity, indicated that the catalyst adsorb
significant amounts of ammonia, which is strongly bonded to the catalyst surface
and can be removed completely only by increasing the temperature up to 500 �C.
The increase in the adsorption temperature resulted in the decrease of the amount
of ammonia adsorbed on the catalyst surface.

NH3/O2, NO/O2, NO2/O2—To investigate the catalyst activity in the NH3 oxi-
dation (R.3 and R.4) and in the reversible NO oxidation reaction (R.5), steady-state
runs were performed in the 150–550 �C T-range feeding to the reactor 500 ppm of
either NH3, NO or NO2 together with O2 (8 % v/v), H2O (8 % v/v) and balance
helium. NH3 started to be significantly oxidized at temperatures greater than 300 �C,
giving N2 as the main product. Traces of NO were also detected above 450 �C.

NO oxidation reached a maximum of 10 % NO conversion around 450 �C,
while at higher temperatures thermodynamic equilibrium was approached. Finally,
the inverse of NO oxidation, namely NO2 decomposition to NO, was found to
become significant only at temperatures greater than 350 �C.

NH3/NO/O2—The reactivity of ammonia and NO was first investigated during
slow temperature ramps while continuously feeding to the reactor 500 ppm of both
NH3 and NO in flowing O2 and H2O. The data indicate a growing consumption of
NH3 and NO, with corresponding evolution of N2, with increasing temperature in
the whole investigated temperature range: the outlet species concentrations were
initially consistent with the stoichiometry of the Standard SCR reaction (R.6 or R.8
in Table 18.1), i.e., with an equimolar NO/NH3 consumption ratio, but above
220 �C a greater conversion of NH3 with respect to NO was observed.

This effect is likely due to the onset of NH3 oxidation, which seems to be
enhanced when also NO is fed to the reactor. Indeed, dedicated experiments at the
same conditions but in the absence of NO indicated that the temperature threshold
for NH3 oxidation was around 300 �C in this case, i.e., at least 50–80 �C higher
than the threshold temperature observed in the presence of NO.

Similar findings have been reported by other authors for other Fe-zeolite cat-
alysts [10, 11, 27]. Such a peculiar behavior, i.e., the extra ammonia consumption
in the presence of NO, is commonly associated with the possible formation of NOx
surface species with a higher oxidation state with respect to NO, such as nitrites
and nitrates, which thus would require more ammonia to be reduced to nitrogen.
However, more work is needed to fully elucidate these aspects.

The reactivity of ammonia and NO was then investigated by transient runs
performed under isothermal conditions. Figure 18.2 (thin lines) shows for instance
a run where ammonia was fed and removed from the reactor every 300 s in a
stepwise manner while continuously feeding NO, oxygen, and water at 250 �C. It
is evident that each time ammonia was fed to the reactor, the NO signal initially
decreased, passed through a minimum, and then approached steady state, and the
N2 trace followed that of NO as a mirror image; meanwhile the ammonia signal,
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after a dead time, rose up approaching steady state. At ammonia shut-off the NH3

signal quickly dropped to zero, while the NO concentration initially decreased and
passed through a minimum before recovering its feed value; the minimum in the
NO concentration corresponded to a maximum for the nitrogen production, before
it gradually decreased to zero. The same qualitative behavior was observed in
many experiments, run for example at different temperatures, in the range
175–300 �C, varying space velocity and oxygen feed content.

If we plot the evolution of NO conversion as a function of the ammonia surface
concentration during the ammonia start-up and shut off transients of these tests, a
hysteresis behavior becomes apparent: during the ammonia feed transient, the NO
conversion initially increases up to a certain ammonia surface concentration and
then decreases for higher values. Interestingly, the mean NO conversion during the
ammonia shut off transient resulted higher than during the feed transient, and also
indicates the existence of an optimal ammonia surface concentration, which is
however different from that of the start-up transient.

Such transient features have been observed over different Fe-zeolite systems
[6, 27–29] and V based SCR catalysts [30], and have been explained invoking an
inhibiting effect of ammonia on the Standard SCR reaction [30, 31]. They can be
rationalized in fact according to a classic Langmuir-Hinshelwood (LH) mechanism,
i.e., invoking a competition between NO and NH3 for adsorption onto the same
catalytic site. During the NH3 shutdown transients the SCR rate was enhanced as
soon as both gaseous and adsorbed NH3 concentrations became lower than at steady
state: this suggests that the incremented DeNOx efficiency may have resulted from
improved adsorption of NO onto the catalyst active sites due to the reduced gaseous
or surface NH3 concentration. In order to take into account the ammonia inhibition
effect, a new rate expression for the Standard SCR reaction was developed [6].

NH3/NO–NO2/O2—The NH3/NO–NO2/O2 SCR reactivity was studied keeping
a constant feed concentration of 500 ppm of total NOx, 500 ppm of NH3, O2
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Fig. 18.2 Transient
experiments with steps feed
of NH3 every 300 s at 250 �C
over SCR crushed monolith
powder. NH3 = 500 ppm,
NO = 500 ppm,
H2O = 3 %, O2 = 2 % v/v,
He carrier gas, Q = 327 cm3/
min. Thin lines: measured
concentrations of NH3, NO,
N2 at reactor outlet. Thick
lines: kinetic fit
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(8 %, v/v), H2O (8 %, v/v) and balance helium. Steady-state activity data were
collected in the 150–550 �C T-range changing the NO2/NOx feed ratio from 0 up
to 1. Symbols in Fig. 18.3 represent the measured steady-state NOx conversions
(a), NH3 conversions (b) and N2-selectivity (=CN2/(CN2 ? CN2O)) (c) plotted
versus the NO2/NOx feed ratio at different temperatures.

It is evident that the DeNOx performance of the system is worse for the limiting
situations where either NO or NO2 are the only NOx species present in the reacting
system together with NH3 (NO2/NOx = 0 or 1). In the whole temperature range
the highest DeNOx activity was observed when equimolar amounts of NO and
NO2 were fed to the reactor (NO2/NOx = 0.5), associated with the occurrence of
the Fast SCR reaction which is well known to be extremely active over Fe-zeolites.
Furthermore, the selectivity to N2 decreased below 100 % only when a large
excess of NO2 was present in the feed stream.

The behavior observed in Fig. 18.3 is typical of Fe zeolite catalysts: indeed, the
Fe zeolite SCR activity strongly depends on the NO2 feed content, reaching the
highest NOx conversion always in the case of the optimal 1/1 NO/NO2 feed ratio.
This is not the case for Cu zeolites [32], which are very active in the Standard SCR
reaction already at low temperatures, so that a lower benefit is granted by the Fast
SCR reaction, or for the vanadium-based catalysts [33], whose activity exhibits a
broader dependence on the NO2 content of the feed stream.

Of course the production of N2O is strictly related to the catalyst as well. For
the present Fe zeolite catalyst, significant N2O formation was detected only when
an excess of NO2 ([50 %) was present in the NOx feed mixture, while the
opposite was found in the case of a Cu zeolite, where N2O production was
observed also in parallel with the occurrence of the Standard SCR reaction, so in
the absence of NO2 feed.

To take into account the NO2 reactivity, R.9–R.13 have been included in the
kinetic scheme, in line with previous findings [6, 12, 26, 28].

N2O/NOx/NH3—It is well known in the literature that Fe-zeolites are active
both in the catalytic decomposition of N2O to N2 and in the SCR of N2O by
ammonia [34, 35]. Accordingly, a study dedicated to the analysis of these reactions
was performed in our labs.

First, the pure N2O decomposition was investigated at steady state in the
150–550 �C T-range feeding to the reactor 500 ppm of N2O together with O2 (8 %,
v/v) and H2O (8 %, v/v): it was found that the Fe zeolite catalyst was indeed able to
decompose N2O to N2 but only above 500 �C and to a limited extent (roughly 10 %).
A completely different situation was obtained when together with N2O, mixtures of
NOx in different NO/NO2 proportions were fed to the reactor. Figure 18.4 (symbols)
shows data from a run with NO/NO2 = 1/1: N2O started to be converted above
400 �C giving again N2 as the only product and reaching a maximum conversion of
about 55 % at 550 �C. The presence of NOx in the feed stream significantly enhanced
the N2O decomposition activity, according to a well-known ‘‘catalytic’’ effect
[34, 35], which may be explained invoking the reaction between N2O and NO to give
N2 and NO2 (R.14) and the subsequent decomposition of NO2 to NO and O2

(R.5 reverse).
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The reactivity of N2O with NH3 (R.15 in Table 18.1) was studied in steady-
state runs. NH3 and N2O started to be converted already at 300 �C with corre-
sponding N2 evolution, resulting both from the reaction between ammonia and
N2O and from ammonia oxidation.

18.3.2 Kinetic Fit

The reactions prevailing in the analyzed reacting systems depending on T and feed
composition were used to define the kinetic scheme reported in Table 18.1.

In the case of the Standard SCR reaction (R.6 or R.8), a dual-site Mars-Van
Krevelen rate expression assuming that NH3 blocks the red-ox sites for NO
activation was adopted in line with previous work performed over both vanadium-
based [30, 36] and Fe-zeolite catalysts [12], in order to explain the observed
inhibiting effect of NH3 on such a reaction at low temperatures. The model has
been then extended to include also the SCR reactivity in the presence of excess
NO2 and particularly to describe also the reactivity of N2O (R.14 and R.15).

The parameters of the rate expressions (Eq. 18.1–18.15) for reactions (R.1–R.15)
were estimated by multiresponse nonlinear regression of the transient microreactor
runs, as detailed below. Notice that the rate equations do not include dependences
on O2 and H2O, since the feed concentrations of both such species were kept
constant at 8 % v/v.

As evident from the thick lines in Figs. 18.2, 18.3, and 18.4 that represent the
model fit, a good agreement between experimental results and model predictions
was obtained in all cases. In particular, the model could nicely reproduce the
transient features evident in the standard SCR reaction at low T, predicting the
differences observed in the deNOx activity at similar ammonia coverages
(Fig. 18.2); also, a reasonably good match between experimental and kinetic fit
can be noticed for all runs collected varying the NO2/NOx feed ratio between 0

100 150 200 250 300 350 400 450 500 550 600

0

200

400

600

800

1000
NOx

NO2

N 2O

N2
C

on
ce

nt
ra

tio
n,

 p
pm

Temperature, °C

NO

NH3

Fig. 18.4 NOx assisted
decomposition of N2O as a
function of temperature over
SCR powder catalyst:
Q = 250 cm3/min (STP),
N2O = 500 ppm;
NO = NO2 = 500 ppm;
H2O = 8 % v/v, O2 = 8 %
v/v [4].
Symbols: experimental. Solid
lines: kinetic fit

566 I. Nova et al.



and 1 and covering the 150–550 �C. Eventually, the model was able to describe
with a sufficient degree of accuracy also the N2O decomposition/reactivity
observed over the Fe-zeolite catalyst.

18.3.3 Model Validation

The SCR kinetic model was then validated at different scales. First, catalytic
activity runs were carried out over a small core monolith sample in a lab rig and
data compared with model simulations generated by incorporating the SCR kinetics
into the transient 1D ? 1D mathematical model of SCR monolith converters.

For all the tests performed in the 150–550 �C T-range and varying the
NO2/NOx feed ratio from 0 to 1, a fairly good match between predictive model
simulations and experimental data was observed. Figure 18.5a shows the valida-
tion map for NOx conversions (absolute error between experimental and simulated
percentage conversions at steady-state conditions) plotted as a function of tem-
perature and NO2/NOx feed ratio. It clearly appears that model deviations were in
the range of ±5 % over the whole investigated field [6].

The SCR model was further validated by simulating transient runs performed
over small core monoliths. In analogy to the TRM runs over the powdered catalyst,
750 ppm of NH3 were fed to the core monolith sample in a stepwise manner while
continuously flowing NOx (500 ppm), O2 (8 % v/v), H2O (8 % v/v) and balance
N2 at a constant temperature in the range 200–350 �C.

Figure 18.5b shows the results of one experiment performed at 250 �C by
feeding and removing the NH3 feed flow every 300 s for NO2/NOx = 0.25 feed
ratio: the figure compares the measured (thin lines) and simulated (thick lines)
outlet concentration profiles of NH3, NO and NO2 during such tests [6]. It can be
noticed that a clear maximum in the DeNOx activity was still present at NH3 feed
as already observed on the powdered catalyst. Notably, the simulation obtained by
the dual site kinetic model showed the same qualitative behavior.

The model was further validated simulating the N2O decomposition/reactivity
onto core monolith samples: simulation results were in fairly good agreement with
both the N2O and the NH3 concentration traces.

18.4 Derivation and Validation of the PGM Catalyst Model

18.4.1 Reaction Network and Kinetic Scheme Over the PGM
Component

Like for the SCR component, the reacting systems prevailing over the PGM
component of the Ammonia Slip catalyst under typical NH3-SCR operating con-
ditions have been addressed according to an order of increasing complexity,
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analyzing for each of them the effects of T, space velocity, reactant concentrations,
and NO2/NOx feed ratio.

Ammonia adsorption/desorption—First of all, the ammonia adsorption and
desorption properties of the PGM catalyst have been investigated by transient runs,
involving a concentration step-change run at 150 �C, stepwise feeding 500 or
1,000 ppm of NH3 in the presence of water (8 % v/v) and balance helium, fol-
lowed by NH3 shut off and by a temperature ramp in order to complete ammonia
desorption (TPD).

Data, not reported, indicated that ammonia does not appreciably adsorb onto the
PGM catalyst. However, literature reviews on the ammonia oxidation mechanism
over PGM catalysts unanimously consider the adsorption of both reactant molecules
(NH3 and O2) [16], with ammonia adsorbing in on-top position on Pt [17]. Indeed,
the lack of a detectable storage capacity for ammonia during our runs is not sufficient
to rule out the adsorption of the same species on the catalyst surface; accordingly,
notwithstanding the experimental evidence, ammonia adsorption/desorption steps
were included in the developed kinetic model (R.16 and R.17 in Table 18.2).

4000 4500 5000 5500
0

100

200

300

400

500

600

700

C
on

ce
nt

ra
tio

n,
 p

pm

Time, s

NO

NO2

NH3

(b)

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
300 350 400 450 500 550 200 250 

10

5

0

-5

-10

N
O

2/
N

O
x

T [oC]

NOx conversion deviation between 
experiment and simulation 

(a)Fig. 18.5 a Absolute
deviations between
experimental NOx
conversions and model
simulation for steady-state
runs over the monolith SCR
catalyst as a function of
temperature and NO2/NOx.
GHSV = 100,000 h-1,
NH3 = 500 ppm,
NOx = 500 ppm,
H2O = 8 % v/v, O2 = 8 %
v/v [4]. b Concentration step
change experiments for the
NH3–NO–NO2–O2 reacting
system over the SCR
monolith catalyst: T = 250
�C, GHSV = 100,000 h-1,
NH3 = 500 ppm,
NOx = 500 ppm
(NO2/NOx = 0.25)
H2O = 8 % v/v,
O2 = 8 % v/v. NH3 pulse
length = 300 s. Thin lines
experimental. Thick lines
model simulation

568 I. Nova et al.



Ammonia adsorption was assumed to occur on Pt sites as a nonactivated and
molecular process, while the desorption process was regarded as T-dependent
according to the Arrhenius law (Eqs. 18.16 and 18.17, respectively, in Table 18.2).

NO–O2—The behavior of the PGM catalyst in the presence of NO and O2 was
investigated feeding to the reactor NO (500 ppm), O2 (8 % v/v), H2O (8 % v/v),
and balance helium in the 150–550 �C temperature range. NO started to be con-
verted at 150 �C giving NO2 as the only reaction product and reaching a maximum
consumption of about 300 ppm at about 350 �C, in line with the occurrence of
R.18 (Table 18.2). Below 400 �C the NO conversion was kinetically limited,
while above such a T the NO and NO2 concentrations approached thermodynamic
equilibrium, resulting in a decrease in NO conversion as the temperature was
further incremented.

An interesting feature of NO oxidation over the investigated PGM catalytic
system was highlighted during catalyst heat up transients: between 175 and
250 �C, after the catalyst temperature was increased, NO suddenly achieved a
certain conversion with a consequent evolution of NO2; however, although the
temperature was kept constant and a steady-state behavior was expected, the NO
signal started slowly but surely to rise again: correspondingly the amount of NO2

released decreased. According to the literature on noble metal systems similar to
the present PGM catalyst [37], the slow decrease in NO oxidation activity has to be
ascribed to the strongly oxidizing nature of NO2 and the consequent formation of
noble metal oxides/chemisorbed oxygen on the catalyst surface, which reduces the
catalyst activity. The transient with decreasing NO conversion would be thus the
result of the NO2 formed during the reaction, which oxidizes the Pt catalyst.

In line both with the literature evidence and with the collected data, a consistent
reaction rate was adopted (Eq. 18.18), which takes into account both the ther-
modynamic equilibrium constraints and the aforementioned inhibiting effect of
NO2.

NH3–O2—Feeding only ammonia and oxygen to the reactor, NH3 oxidation is
expected to proceed, as widely reported in the literature [3, 16, 17, 38]. In the cited
chapters N2, N2O and NOx were identified as main oxidation products, the
selectivity being a function of the noble metal and of the catalyst temperature.

Figure 18.6a, symbols, shows the results of a steady-state run performed over
the PGM catalyst. The feed stream consisted of 500 ppm of ammonia in the
presence of water (8 % v/v), oxygen (8 % v/v) and balance helium.

A steep light-off of the ammonia conversion was observed between 200 and
225 �C, with NH3 reaching 100 % conversion already at 225 �C. In the same
T-window the evolution of reaction products started, showing a significant change
of products selectivity with increasing temperature. N2 was the first species to be
produced, reaching a maximum concentration of about 150 ppm at 225 �C. Further
increasing the catalyst temperature resulted then in the progressive drop of the N2

production. N2O formation also exhibited a maximum, centered around 250 �C.
Above 250 �C the NOx concentration started to monotonically increase.
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Correspondingly, a progressive reduction of both N2 and N2O concentrations was
observed.

In line with the previous literature indications [3, 16, 17, 38], species outlet
concentrations are consistent with the stoichiometry of several global reactions,
which proceed in parallel and prevail at different temperature levels: ammonia is
oxidized to nitrogen and NO (R.19 and R.20 in Table 18.2), NO can then react
with ammonia and oxygen according to the nonselective Standard SCR reaction
(R.21 in Table 18.2), or it can be oxidized to NO2 (R.18 in Table 18.2). Notice that
the direct oxidation of NH3 to N2O is not present in the kinetic scheme, as it results
from the sum of the oxidation of NH3 to NO (R.20) and of the subsequent reac-
tivity between NH3 and NO (R.21).

The effect of the ammonia feed concentration (from 250 up to 1000 ppm) was
also investigated: it was found that the catalyst activity was not severely affected,
complete conversion being always achieved below 250 �C. By contrast, a slight
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effect was observed on the selectivity, with a higher production of N2O in the
intermediate T-range as the ammonia concentration increased.

NH3–NO–O2—The effect of NO on NH3 oxidation was studied in steady-state
runs where NO (100–250–500 ppm) was fed to the reactor together with 500 ppm
of NH3, 8 % v/v O2, 8 % v/v H2O, and balance helium.

Figure 18.6b, symbols, shows the results for the experiment run with 500 ppm
of NO. The addition of NO to the reactant mixture significantly affected both the
NH3 conversion activity and the products distribution. NH3 consumption reached
100 % already at 200 �C in the presence of NO (Fig. 18.6b), with a drop of about
50 �C of the reaction light-off in comparison with the NH3–O2 reacting system
(Fig. 18.6a). At low T, the main reaction product was N2O. Above 200–250 �C,
N2O started decreasing, while a modest production of N2 was visible together with
the evolution of considerable amounts of NO and NO2.

Growing NO feed contents resulted below 275 �C in a progressive decrease in
the N2 yield, while the N2O yield showed an opposite trend. In line with several
literature indications, [3, 16, 17, 38], the enhanced N2O production in the presence
of NO was attributed to the occurrence of the nonselective Standard-SCR reaction
(R.21 in Table 18.2). A different behavior was observed at high temperatures,
above 400 �C, with the N2 and N2O concentrations not significantly affected by
NO addition. Finally, the trend of NOx concentration as a function of temperature
highlights that NO was consumed at low temperatures (150–225 �C T-range) and
produced at higher ones, up to 550 �C, where the NOx yield exceeded 90 %
independently of the NO feed content. Summarizing, the analysis of N2 and NOx
concentrations as a function of temperature pointed out that N2O production was
highly enhanced below 275 �C in the presence of NO.

In line with the results above, reactions R.19–21 were included in the kinetic
scheme to describe the NH3–O2 and the NH3–NO–O2 reactivities. We adopted
first-order kinetics with respect to the NH3 surface coverage, and a negative
dependence on the NO2 concentration, in line with the inhibiting effect played by
NO2, as described in the following.

NH3–NO2–O2—NO2 is commonly present in the feed to SCR converters due to
the inclusion of an upstream preoxidation catalyst in the configuration of after-
treatment systems. In addition, under unfavorable operative conditions NO2 might
undergo an incomplete selective reduction by NH3: therefore, it could also
represent a possible side product at the outlet of SCR converters.

Hence, being NO2 a likely component of the ASC feed stream, the investigation
of the NH3/NO2 reacting system was included in the work for the sake of
completeness.

Figure 18.7 (symbols) shows the ammonia conversions measured feeding to the
reactor 500 ppm of NH3 and 500 ppm of NO2 while flowing oxygen (8 % v/v),
water (8 % v/v), and balance helium. Experimental results are also compared with
those obtained in the absence of NO2 in the feed stream.

The addition of NO2 to the feed resulted first in a reduced conversion of NH3 in
the 200–275 �C temperature range. Complete conversion of NH3 was indeed
approached at 225 �C in the absence of NO2, while total conversion was achieved
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only at 275 �C when feeding also 500 ppm of NO2. Above this temperature
complete ammonia conversion was approached for all reacting mixtures. The N2

yield was also influenced by the presence of NO2 (data not shown): the addition of
100 ppm of NO2 adversely affected N2 formation, with a decrease of the maximum
yield from about 60 % down to about 40 %. However, nitrogen evolution was
enhanced in the presence of greater concentrations of NO2, with a shift of the
maximum yield to higher temperatures with greater NO2 feed contents. Above
300 �C almost the same yield was obtained both in the presence and in the absence
of NO2. The formation of N2O showed instead a progressive decrease with
increasing NO2 feed content: a maximum yield of about 30 % at 300 �C was
recorded in the presence of 500 ppm of NO2, against a maximum of about 60 % in
the absence of NO2. At high temperatures (T [ 400 �C), in analogy with what
observed for the N2 yield, the amount of produced N2O seemed to be independent
of NO2.

From the analysis of NH3 conversion and product yields we speculate that NH3

oxidation was inhibited by NO2, specifically in the low-T region (T \ 275 �C),
resulting in a decrease of the NH3 conversion with increasing NO2 feed contents.
Despite experimental evidences, a detailed mechanistic study of this phenomenon
was not in the scope of this study. On the other hand, in addition to the inhibited
NH3 oxidation reactions, the NOx consumption observed in the low-T range
justified the introduction of two additional reactions describing the reactivity
between NH3 and NO2 with simultaneous formation of N2O and of N2 (R.22 in
Table 18.2) or of N2 only (R.23 in Table 18.2). Second-order kinetics in ammonia
surface coverage and NO2 gas phase concentration were adopted for both reactions
(R.22) and (R.23).

NH3–NO–NO2–O2—Eventually, the complete NH3/NO/NO2–O2 reacting sys-
tem was also investigated in steady-state experiments where 500 ppm of NH3 were
fed to the reactor together with 150–250–500 ppm of NOx (NO2/NOx = 0.5), 8 %
v/v O2, 8 % v/v H2O and balance helium. The addition of increasing amounts of
NOx reduced the catalyst activity in the 200–250 �C temperature region. The N2
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concentration was barely affected by the NOx feed content over the whole T-range,
while the highest N2O concentration were recorded either in the absence of NOx or
in the presence of the highest NOx feed content (500 ppm), with a maximum
centered around 250 �C.

In summary, it seems that in the low-T region (T \ 275 �C) the inhibiting role
of NO2 on the NH3 oxidation activity prevails on the activity enhancement pro-
voked by a larger amount of NO in the feed mixture. Furthermore, there was no
evidence of additional reactions with respect to those identified during the
investigation of NH3–O2, NH3/NO/O2 and NH3/NO2/O2 subsystems.

18.4.2 Model Fit

The prevailing reactions identified in the analyzed reacting systems were used to
define the kinetic scheme in Table 18.2. The rate parameters of (Eq. 18.18) were
independently estimated from NO oxidation tests, while a global multiresponse
nonlinear regression on the whole set of runs involving NH3 provided estimates of
the remaining rate parameters in (Eqs. 18.16–18.23).

Kinetic fit results are represented by solid lines in Figs. 18.6 and 18.7. The
model provides a fairly good description of the data over the whole 150–550 �C T-
range. The onset of NH3 conversion upon varying the concentrations of ammonia,
NOx and the NO2/NOx feed ratio is indeed well captured in all the experiments,
and so is the evolution of the product concentrations as a function of the catalyst
temperature.

18.4.3 Model Validation

In analogy with what done for the SCR component of the ASC, the kinetics
developed over the powdered PGM catalyst were validated against data collected
over a core monolith sample coated only with the PGM component of the ASC.

Kinetic data were collected according both to steady-state and transient test
protocols. A wide range of operating conditions were covered in terms of tem-
perature (150–550 �C T-window) and feed compositions (NOx/NH3 = 0-1 with
NO2/NOx between 0 and 1). As an example, Fig. 18.8a, b compare experimental
results (thin lines) and predictive model simulations (thick lines) for NH3 con-
version and product concentrations obtained during a NH3 oxidation run
(Fig. 18.8a) and an NH3 oxidation test run in the presence of NO (Fig. 18.8b).
Focusing on the ammonia oxidation experimental data (Fig. 18.8a, thin lines), it
can be noticed that, in line with what we saw over the powdered catalyst
(Fig. 18.8a), NH3 conversion started above 160–175 �C and rapidly increased up
to 80 % already at 200 �C, before approaching 100 % at 350 �C. NH3 conversion
is associated with production of N2 (not detected by the analyzers), N2O and NOx,

18 Dual-Layer Ammonia Slip Catalysts 573



with the main product being a function of monolith temperature: N2O shows a
maximum concentration value at 275 �C, while NOx become the main oxidation
product above 350 �.

The same qualitative trend was also shown by the model simulations (thick
lines in Fig. 18.8a). From the quantitative point of view the model slightly over-
estimates the light-off temperature of NH3 concentration in the 150–200 �C
T-range. Above 250 �C the model overestimates the concentration N2O, while an
almost perfect match between experiments and simulations is observed in terms of
NOx concentration, at least up to 450 �C. Above this temperature the model
slightly underestimates the NOx production. Notwithstanding the discussed
deviations, the qualitative agreement between experiments and purely predictive
model simulations was regarded as satisfactory.

The effect of NO addition to the feed stream was then investigated: thin lines in
Fig. 18.8b show that high NH3 conversion (about 60 %) was recorded already at
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200 �C, with complete consumption of the same species above 250 �C. NO con-
sumption was also evident below 300 �C, where the NO concentration was below
250 ppm, i.e., the inlet concentration value. By contrast, at higher temperatures the
same species became the main product. Below 300 �C the main reaction product
was N2O with concentrations up to 350 ppm. Model simulations (Fig. 18.8b, thick
lines) showed a good agreement with experimental data at low T, while a general
underestimation of NOx production was observed in the high-T range.

In summary, validation runs over the PGM monolith catalyst pointed out a
satisfactory agreement between predictive model simulations and experimental
data above 300 �C for all the investigated feed compositions, whereas slight, but
still acceptable, deviations were recorded at lower temperatures mainly in terms of
NH3 conversion.

18.5 Analysis and Modeling of SCR/PGM Interactions

18.5.1 Experimental Study of SCR/PGM Interactions

As discussed in the ‘‘Methods’’ section, the dual-layer ASC configuration involves
the presence of a PGM catalytic layer beneath the SCR coating. A microflow
reactor loaded with powder is inherently unsuitable for reproducing the real ASC
system configuration: in particular, no arrangement of catalytic beds exists which
can effectively simulate the NOx backdiffusion and reaction with the ammonia
preadsorbed on the SCR catalyst. Accordingly, the fundamental study performed
over SCR-PGM combined systems, to be reported below, does not claim to
faithfully simulate the real ASC system behavior. The aim of this investigation
was rather to elucidate experimentally the interactions between the SCR and the
PGM catalytic chemistries in relation to limiting (sequential vs. parallel)
arrangements of the two catalysts. Two catalytic bed layouts have been in fact
designed to achieve these goals: (i) a double bed configuration, with the first bed
and the second bed consisting of the SCR catalyst and of the PGM catalyst,
respectively, provides information on the sequential combination of the respective
catalytic activities; (ii) a single bed configuration, wherein the reactor is loaded
with a Mechanical Mixture of the two catalyst powders, can provide experimental
evidence of local, parallel interactions between the catalysts.

Like for the PGM catalyst, both the ‘‘Double Bed’’ and ‘‘Mechanical Mixture’’
configurations were studied by means of steady-state activity runs addressing
the main SCR reacting systems, namely NH3/O2, NH3/NO/O2, NH3/NO2/O2 and
NH3/NO–NO2/O2.

NH3–O2—Fig. 18.9 compares data collected over the SCR catalyst only, over
the PGM catalyst only, and over the two SCR/PGM combined systems. The
analysis is based on NH3, N2, NOx and N2O concentrations measured when
feeding 500 ppm of NH3, 8 % v/v O2, 8 % v/v H2O, and balance helium.
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In Fig. 18.9 it is clearly apparent that the composition and configuration of the
catalyst bed dramatically affects both the activity and the products selectivity
of ammonia oxidation. The SCR catalyst shows the weakest oxidation performance
by far, resulting in incomplete ammonia oxidation with almost total selectivity to
N2 at all temperatures, as well established in the literature for Fe-zeolite SCR
catalysts [3, 16, 17, 38]. By contrast, the PGM catalyst exhibits the highest activity,
with NH3 conversion above 90 % already at 200 �C. However, the same catalyst is
also the one associated with the highest yield of NOx in the high T-range.

When the SCR catalyst is followed by the PGM one (‘‘Double Bed,’’ DB,
configuration), the overall activity appears strengthened due to the presence of the
PGM catalyst: NH3 conversion and product yields are indeed almost overlapped
with those of the PGM-only catalyst below 300 �C, with some deviations only in
terms of N2 concentration. However, on moving to higher temperatures the con-
tribution of the upstream SCR layer starts to become significant, as pointed out by
the increase of N2 concentration above 500 �C and the corresponding decrease of
the NOx yield. This trend is related to the partial selective conversion of NH3 to N2

in the upstream SCR catalyst bed. As a result, a smaller amount of unreacted
ammonia is available for the oxidation to NO occurring in the following PGM bed.
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The best compromise between activity and selectivity is obtained with the PGM/
SCR mechanical mixture: complete NH3 conversion was indeed obtained already at
275 �C, with N2 concentration above 100ppm over the whole 150–550 �C T-range.
Correspondingly, lower NOx and N2O yields compared with the PGM-only catalyst
and the double bed configuration were measured between 300 and 500 �C.

The direct comparison between the two combined systems (Double Bed versus
Mechanical Mixture) clearly shows that the mechanical mixture of SCR and PGM
powders entails the occurrence of interactions between the activities of the two
catalysts, as the SCR reaction products can react over the PGM catalyst and vice
versa. Such an interaction is not possible in the Double Bed configuration, wherein
the two catalysts are segregated. A similar picture was observed by Long et al. [39]
who studied a noble metal-promoted Fe-ZSM-5 for Selective Catalytic Oxidation
of NH3. Long et al. [39] attributed the reduced N2O and NOx production to the
SCR features of the combined catalyst: N2O and NO generated by oxidation over
the noble metal can be indeed further reduced to N2 by unreacted ammonia, thus
improving simultaneously ammonia conversion and N2 selectivity.

NH3–NOx–O2—The combined SCR/PGM systems were comparatively ana-
lyzed in terms of steady-state activity and product yields in the case of a feed
mixture consisting of 750 ppm of NH3, 250 ppm of NOx, 8 % v/v O2, 8 % v/v
H2O and balance helium.

It was found that for all NO2/NOx feed ratios no significant differences between
‘‘Double Bed’’ and ‘‘Mechanical Mixture’’ configurations were apparent in terms
of NH3 conversion. By contrast, the different arrangement of the two catalysts
played a role in determining the product yields.

In terms of N2 formation the picture was more complicated and varied
depending on the NO2/NOx feed ratio. For NO2/NOx = 0 a greater N2 concen-
tration was recorded over the Mechanical Mixture below 350 �C, while at higher
temperatures the Double Bed configuration prevailed. A constantly higher N2 yield
over the same catalytic system was also recorded in the case of NO2/NOx = 1,
while for a feed mixture characterized by NO2/NOx = 0.5 a better N2 yield was
observed only above 350 �C.

The N2O production resulted to be a function of the NO2/NOx ratio, too. When
NO was the only source of NOx the mechanical mixture exhibited a lower N2O
formation in the whole 150–550 �C T-range in comparison with the Double Bed
configuration. The latter system however showed lower N2O yields when NO2 was
also present in the feed stream.

18.5.2 Predictive Simulations of the SCR/PGM Combined
Systems

Experimental data collected over both Double Bed and Mechanical Mixture
configurations were systematically compared with predictive model simulations,
as shown for example by thick lines in Fig. 18.10 for the ammonia oxidations
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tests. The simulations were generated simply assuming superposition of the SCR
and PGM kinetics independently determined over the two-powdered catalyst
components of the ASC system.

A good match between experimental data (symbols) and simulations (thick
lines) is evident in terms both of ammonia conversion and of NOx yield, while
some deviations are present between 275 and 500 �C in terms of N2 and N2O
concentration. Similar results were obtained analyzing the effect of NO2/NOx,
emphasizing that the overall performance of combined SCR ? PGM systems
results from a simple superposition of the respective catalytic chemistries, which
however provides different overall behaviors depending on the relative spatial
distribution of the two catalyst components.
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18.6 Modeling of Dual-Layer Monolith ASC

18.6.1 Development of a Dual-Layer Monolith Model

In principle, a rigorous approach to modeling of dual-layer monolith reactors
requires modeling of coupled reaction and diffusion phenomena in both catalytic
layers. However, this approach is computationally demanding: a simplified and
faster model was thus developed in Colombo et al. [20].

We first assessed the impact of internal diffusion limitations in the PGM layer.
For this purpose a simulation study was performed progressively increasing the
PGM washcoat thickness, from 10 lm up to 71 lm. From the analysis of NH3

concentration profiles a dramatic impact of diffusional limitations was apparent:
indeed only the surface of this layer is effectively active due to the extremely high
reactions rates of the PGM catalyst. For this reason, we developed a
Layer ? Surface Model (LSM) of dual-layer ASC where we treat the PGM layer
as a surface, while we retain the rigorous description of coupled reaction/diffusion
in the SCR layer, based on the previous 1D ? 1D model of SCR monolithic
converters [12, 25, 26]. Indeed, avoiding the description of diffusion phenomena in
the PGM layer enables the direct inclusion of the PGM reactivity in the SCR
converter model by simply modifying the inner boundary conditions of the species
differential mass balances in the SCR layer, i.e., those now at the interface with the
PGM phase. Treating the PGM layer as a surface thus enabled a simple extension
of the 1D ? 1D SCR converter model to simulate dual-layer catalytic systems too.

With the developed model we then studied the effect of PGM layer addition
beneath the SCR one, in order to verify the need for the description of coupled
reaction/diffusion phenomena in the SCR layer. For SCR-only systems this is
something still under debate in the literature: most of the available models of SCR
converters avoid indeed the description of intralayer C-profiles. Such 1D models
provide however good simulation results, due to the fact that intralayer SCR
concentration gradients are often not significant. On the opposite, in the case of
dual-layer ASC systems the addition of the PGM phase beneath the SCR one leads
to the onset of quite significant concentration gradients across the SCR layer, as
shown, e.g., by the simulation results in Fig. 18.11. The figure shows the spatial
and temporal evolution of the SCR intralayer NO concentration field in a simu-
lated test in which first at 150 �C, 300 ppm of NO, 5 % v/v O2,and 5 % v/v H2O
were fed to the reactor; then, NH3 was added and steady-state conditions
approached; finally, the temperature was raised up to 500 �C. The NO concen-
tration is plotted against the monolith axial and radial coordinates, where the zero
value of the axial coordinate indicates the gas inlet, while the zero value of the
radial coordinate indicates either the SCR/wall or SCR/PGM interface; negative
values of the radial coordinate indicate a position inside the SCR washcoat layer.

The spatial distribution of NO is shown for three different temperatures, namely
150, 250, and 500 �C, for both the SCR-only and the dual-layer configuration. For
the case of the SCR-only system, a significant NO conversion can be noticed only
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Fig. 18.11 Comparison of intra-layer NO concentration profile in SCR-only and in dual-layer
configurations. Simulated conditions: NH3 = NO = 300 ppm, O2 = 5 % v/v, H2O = 5 % v/v,
GHSV = 300000 h-1, T = 150 �C a, 250 �C b, 500 �C, c [20]
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at 500 �C, but still associated with modest radial concentration gradients.
Remarkably, the situation changed dramatically when also the PGM layer was
present. As soon as the temperature was increased, NO started being significantly
converted and a steep radial concentration profile became evident at 250 �C.
However, on further increasing the catalyst temperature the situation changed,
being NO a product of NH3 oxidation over the PGM layer. The analysis of
Fig. 18.11 shows in fact that at 500 �C the NO concentration gradient across the
SCR layer was reversed with respect to a lower temperature (e.g., 250 �C): the NO
concentration was indeed maximum at the SCR/PGM interface, where NO was
produced by NH3 oxidation, and then decreased across the SCR layer toward the
SCR/gas interface, since NO diffuses back in the SCR layer and is converted over
the SCR catalyst by the Standard SCR reaction with NH3. Furthermore, the same
layer acts as a diffusive barrier for PGM reactants and products. These observa-
tions emphasize the need of the rigorous description of coupled reaction/diffusion
phenomena within the SCR layer of dual-layer ammonia slip catalysts.

18.6.2 Validation of the Dual-Layer Monolith ASC Model

After independently validating the SCR and the PGM kinetics, the same rate
expressions and rate parameters were incorporated into the full Dual-Layer NH3

slip monolith converter model specifically developed according to the
Layer ? Surface (LSM) approach. Furthermore, all the relevant geometrical and
morphological properties of the monolith sample were also included in the same
model, which was then validated against experimental data collected over the
Dual-Layer core monolith sample. Figure 18.12 presents a direct comparison
between experimental data (dots) and predictive model simulations (solid lines)
for all the analyzed reacting systems. The simulation results were obtained after a
modest adjustment of five PGM rate parameters, mainly the ones accounting for
the inhibition effect of NO2 on the NH3 and NO oxidation reactions. A generally
good agreement was observed both in terms of NH3 conversion and products
yields, with the most evident deviations recorded in the cases of NO2/NOx of
0.5 and 1. In the first case, a good agreement between experimental data and
predictive simulation was evident at temperatures as high as 300 �C, while fur-
ther increasing the catalyst temperature resulted in the underestimation of the N2

yield and a corresponding overestimation of the NOx yield. In the case of NO2/
NOx = 1, the model predicted again a lower N2 yield in comparison with
experiments. A corresponding overestimation of the NOx and N2O yields was
observed in this case.

The model was then validated against DOE data covering an extensive range of
operating conditions, in terms of T, space velocities and ammonia to NOx feed
ratio.
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Figure 18.13 shows the comparison of measured versus simulated data
throughout the full DOE range for NH3, NO, NO2, and N2O. NH3 shows the best
agreement between simulation and measurement; while for NO and NO2 one data
point presented a high deviation. This data point corresponds to a space velocity of
15,0000 h-1, a temperature of 450 �C, and an NO2/NOx ratio of 0 %. Taking the
comparison of simulated data versus measured data into account (e.g.,
SV = 275.000 h-1, T = 350 �C, NO2/NOx = 0 % or SV = 150,000 h-1,
T = 500 �C, NO2/NOx = 0 %) the measured data seem not to be in line with the
received measured data under similar operating conditions. Hence, the measure-
ment of this operation point is regarded as an outlier.

The highest deviations between measurement and simulation over the full data
range are observed for N2O. However, a systematic trend of over or underesti-
mation of N2O by the model cannot be detected.
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18.7 Conclusions

In this chapter a dual-layer washcoated (PGM ? SCR) ASC catalyst has been
systematically investigated and modeled. First, the individual single washcoat
functionalities have been analyzed experimentally, with the catalysts in the powder
form. Further, mechanical mixtures of the same powdered washcoats have been
investigated in order to assess possible synergistic effects of the dual layer
configuration. Kinetic models for the single washcoats have been developed
considering all relevant reactions and effects, and fitted to the experimental data to
estimate the related kinetic parameters. A first model validation was carried out
comparing predictive simulations with data collected over monolith samples
coated with the single catalytic phases. Finally, data measured over the real dual
layer ASC configuration have been used for successful validation of the dual layer
model developed in this work.

This work has clearly pointed out that the dual layer architecture exhibits an
increased N2 selectivity compared to a PGM-only washcoat. The investigated ASC
configuration with both washcoats combines in fact the high NH3 conversion
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activity of the PGM layer with the NOx reduction functionality and high N2

selectivity of the SCR layer. With such an ASC brick placed behind an NH3-SCR
system, minimal NH3 breakthrough at increased NOx conversion of the after-
treatment system is possible. Modeling of these catalysts not only helps in
understanding such synergetic effects but is required for an efficient development
of modern exhaust aftertreatment systems and of their operation strategies.
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Chapter 19
NSR–SCR Combined Systems:
Production and Use of Ammonia

Fabien Can, Xavier Courtois and Daniel Duprez

19.1 Introduction

Beside the NH3/urea SCR process, the NOx reduction from lean burn exhaust gas
can be achieved using the cycled NOx-Storage Reduction or NSR system (also
called Lean NOx-trap (LNT) system). In Europe, the NH3–SCR technology could
be quickly implemented on heavier cars, as it is already the case for trucks, while
the NSR system is rather envisaged to be implemented in light passenger car.

However, ammonia may be produced during the regeneration step of NSR
catalyst, by the direct reaction (NOx ? H2) or/and the isocyanate route. Ammonia
emission is proscribed but this undesirable product is also a very efficient NOx
reductant, available in the exhaust gas. Then, logically, the addition of a NH3–SCR
catalyst to the NSR catalyst was proposed in order to increase the global NOx
abatement and the N2 selectivity. Ammonia is produced during the brief regen-
eration period of the NSR catalyst, and it has to be firstly stored on the SCR
catalytic bed. During the next lean period, this stored NH3 can react with NOx
passing through the NOx-trap, via the NH3–SCR reaction.

Then, the addition of a NH3–SCR material to the NSR catalyst is a possible way
to increase the global NOx abatement and maximize the N2 selectivity, together
with the prevention of the ammonia slip. A schematic view of the process is
presented in Fig. 19.1.

This work reports firstly recent results about the production of ammonia during
the NSR process, and then an overview of the recent advances in NOx abatement
in excess of oxygen using the NOx storage-reduction (NSR)—Selective Catalytic
Reduction (SCR) combined systems. With this aim, zeolites are the main studied
SCR materials. In addition, studies about the NH3 storage and the mechanism in
NOx reduction over zeolite are presented.
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19.2 NH3 Emission from NSR Catalysts

19.2.1 The NSR Process

The NOx storage-reduction (NSR) process is largely studied since the beginning of
the 1990s [1–5]. Model NOx-trap catalysts usually contain a noble metal (Pt)
allowing the NO oxidation into NO2, and a basic phase (Ba oxide/carbonate) in
order to trap NO2 as nitrite/nitrate intermediates. Both precious metals and storage
phase are usually supported on a modified alumina support [6]. Other frequent
components are rhodium which is known to favor the NOx reduction into N2 in
stoichiometric/rich media, and cerium-based oxides due to their redox behavior,
the NOx storage capacity and the sulfur resistance [7, 8]. Among other possible
basic storage phases, potassium is the more frequently proposed [9, 10].

The NSR catalyst operates in fast lean/rich transients. During the lean steps of
approximately 1 min, the gas phase is constituted by the standard exhaust gas from
the lean burn engine. NO is then oxidized into NO2 over the precious metals and
further trapped as nitrite/nitrate on the basic components of the catalyst. The
‘‘saturated’’ trap is then regenerated during short incursions in rich media for few
seconds in order to reduce the stored NOx into N2. In fact, the rich phases are
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Fig. 19.1 Schematic view of the NSR ? SCR combined process
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generated by injecting pulses of fuel, immediately transformed into HC, CO and
H2 on a pre-catalyst (usually a Diesel Oxidation Catalyst implemented before the
NSR system). These rich pulses induce exothermic reactions which favor the
nitrate desorption and reduction into nitrogen. These steps correspond to the ideal
operating mode of the NSR system.

The nature of the reductants in the rich mixture directly impacts the NOx
conversion and the selectivity of the NSR reaction. On usual NSR model catalysts,
namely Pt/(BaO)/Al2O3, hydrogen is reported to be the more efficient agent
compared with CO or propene [11–13]. This higher efficiency of H2 was evidenced
by Szailer et al. [11] at very low temperature (150), and in the 150–350 �C
temperature range by Nova et al. [12]. Nevertheless, undesirable by-products can
also be emitted during the regeneration, such as N2O and ammonia. As an intro-
duction to the NSR ? SCR combined system, the following section focuses on the
ammonia formation and emission over NSR catalysts.

19.2.2 Ammonia Formation Pathways

Ammonia is reported to be produced only during the rich phases of the NSR
process, even in the presence of usual reductant(s) such as H2, CO or propene
during the lean phases [14, 15]. However, note that significant ammonia emission
can be observed during the NOx reduction in lean condition using ethanol as
reductant [16].

During the regeneration of the NOx trap, two major routes are commonly
admitted for the ammonia formation. The first one is the direct reaction of stored
NOx with hydrogen, as described in reaction (19.1) [13, 17]. This route was
proposed over Pt–Ba/Al2O3 material, when H2 is used as the reductant [18]. Artioli
et al. [19] observed that, depending on the gas feed composition, ammonia is
emitted together with CO2 consumption, as reported in reaction (19.2).

Ba NO3ð Þ2þ 8H2 ! 2NH3 þ Ba OHð Þ2þ 12H2O ð19:1Þ

Ba NO3ð Þ2þ 8H2 þ CO2 ! 2NH3 þ BaCO3 þ 5H2O ð19:2Þ

The catalyst temperature is an important parameter which impacts both the NOx
adsorption/desorption equilibrium and reduction rate. Ideally, the NOx reduction
rate has to be higher than the NOx desorption rate in order to limit the NOx slip
during the rich pulses. During these reduction phases, a part of the introduced
reductants also reacts with remaining oxygen from the gas phase or stored on the
catalyst. As a consequence, an exothermic phenomenon is generally detected during
the rich pulses, which lead to additional releases of unreduced NOx. In fact, it was
showed that when the regeneration of the catalyst is carried out in the presence of
NO in the feed stream, ammonia can be directly formed according to reaction (19.3)
in the reactor zone where the trap is already regenerated [20].
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NO þ 5=2 H2 ! NH3 þ H2O or NO2 þ 7=2 H2 ! NH3 þ 2H2O ð19:3Þ

However, it is shown in this work that ammonia is observed after N2 formation,
when hydrogen begins to be emitted. This point is more detailed in Sect. 19.2.3.

The direct ammonia formation mechanism (reactions 19.1 and 19.3), when only
H2 is used as reductant, was studied in Ref. [11]. Authors proposed that hydrogen
reacts firstly with the platinum surface on which oxygen species (Oa), resulting
from the reduction of NO2, remain adsorbed (reaction 19.4).

Pt...Oa þ H2 ! Pt � þ H2O Pt � represents reduced Pt sites: ð19:4Þ

The produced H2O is supposed to destabilize the adsorbed nitrates which are
suggested to be decomposed on the free Pt surface. The dissociation of NOx
species on platinum can thereafter leads to the recombination of Na atoms to form
N2 (reactions 19.5 and 19.6), or to the reaction of these Na atoms with H2 to form
NHx and, finally, NH3.

x þ 1ð ÞPt � þ NOx ! xPt...Oa þ Pt...Na ð19:5Þ

2Pt...Na ! 2Pt � þ N2 ð19:6Þ

In this step way, the initial role of H2 is the reduction of the platinum surface to
allow the NOx dissociative adsorption [21].

Clayton et al. [22] also suggested that the ammonia formation mechanism
includes the activation of H2 on Pt sites. They proposed that adsorbed nitrates are
decomposed into NOx and released in the gas phase, due to hydrogen spill-over
from the noble metal to the alumina support. NOx species are readily reduced to
ammonia due to high local H/N ratio.

The second way to obtain ammonia during the NSR regeneration is the ‘‘iso-
cyanate route’’ [23]. This intermediate reaction is observed when a carbon source
is present in the reaction mixture, especially CO [11]. However, CO can also be
produced in situ, for instance by the reverse water gas shift (RWGS) reaction
between H2 and CO2, the later being always present in large amounts in a real
exhaust gas (see also the influence of the WGS equilibrium Sect. 19.2.3).

At low temperature (T \ 150 �C), the first reaction is still the removal of
adsorbed oxygen atoms from the Pt particles (Pt…Oa), leading to CO2 production
(reaction 19.7).

Pt. . .Oa þ CO ! Pt � þ CO2 ð19:7Þ

The obtained free Pt sites become available for the NOx dissociative adsorption
and the CO adsorption. Then, formation of adsorbed NCO species is possible
according to reaction 19.8.

Pt. . .Na þ Pt. . .COa ! Pt � þ Pt�NCOa ð19:8Þ
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-NCO species generated on the Pt particles migrate to the oxide components of
the catalyst, usually alumina. Therefore, -NCO and CO2 formation occur at the
expense of the reduction of the adsorbed NOx, while N2 is not produced.

At higher temperatures (T [ 300 �C) these -NCO species are able to react with
the stored NOx. This reaction route eventually leads to the consumption of both
nitrate and NCO adsorbed species according reaction 19.9.

NCOa þ NOx ! N2 þ CO2 ð19:9Þ

In real exhaust gas, water is present with a large extent and it is reported that N2

formation is significantly enhanced by adding water to the NCO-covered catalysts
[10]. Adding water leads to a new reaction route for the -NCO reactivity, i.e., the
hydrolysis of -NCO species to NH3 and CO2 (reactions 19.10 and 19.11).

NCOa þ H2O ! NH2=a þ CO2 ð19:10Þ

NH2=a þ H2O ! NH3 þ OHa ð19:11Þ

To conclude, ammonia can be formed only during the regeneration steps of the
NOx-trap, even if ammonia release can also occur during the subsequent lean
phase. Two pathways are described: the direct reaction of H2 with the stored NOx
or with NOx present in the gas phase, and via the hydrolysis of isocyanates
species. Hydrogen is reported as a more efficient reductant than CO, leading to a
higher emission of ammonia [11, 12].

19.2.3 Influencing Parameters/Ammonia Reactivity

Numerous parameters were studied and reported as influencing the ammonia
emissions from the NSR catalyst.

Dispersions of the catalyst components were reported to strongly modify the
NH3 emission, For instance, Castoldi et al. have observed that ammonia emission
occurs during the NOx-trap regeneration when barium loading ranges from 16 to
30 wt. % [18]. At lower barium loading (i.e., 5–16 wt. %), authors have reported
that the reduction of stored NOx is initially fully selective into nitrogen.

Bhatia et al. [24] have modeled the effect of the platinum dispersion of a model
Pt/BaO/Al2O3 sample, also taking into account the influence of the temperature.
This study indicates that at high temperature (T C 300 �C), highest amounts of
NH3 are produced over low dispersed catalyst (3.2 % platinum dispersion). On the
contrary, it was observed that ammonia formation is enhanced at low temperature
(T B 200 �C) with the highly dispersed catalyst (50 % dispersion) [24]. The effect
of noble metal dispersion on ammonia production is explained by the variation of
the average distance—or proximity—between the stored NOx and the platinum
sites. Proximity between storage sites and reaction sites is known to affect the
stored NOx transport process [25].
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As presented in Sect. 19.2.2, two main routes are proposed to produce N2 when
H2 is the reductant: (i) the direct route, from the reduction of stored NOx by H2

and (ii) the sequential route through NH3 intermediate formation [22, 26], which
can be simply described following reactions (19.12–19.13).

H2 þ NOx ! NH3 step 1ð Þ ð19:12Þ

NH3 þ NOx ! N2 step 2ð Þ ð19:13Þ

This two-step mechanism was evidenced in Refs. [27] and [34] over a model
Pt–Ba/Al2O3 catalyst. As a consequence, when the amount of introduced hydrogen
is too low to reduce all the stored NOx, incomplete regeneration of the catalyst is
observed. Such an incomplete regeneration obviously results in a decrease of the
storage capacity for the subsequent lean periods. Beside, the reaction of the stored
NOx with hydrogen results in the formation of negligible amounts of N2O and
NH3, nitrogen being the only product detected at the reactor exit. It induces that no
ammonia is observed as long as hydrogen is fully consumed. It is especially true
for temperature higher than 300 �C, as confirmed by different works [12, 28, 29].

In opposition, the NOx reduction selectivity is strongly affected by ammonia
emission since hydrogen is not fully converted during the pulses. In Table 19.1 are
reported some results from the literature in which the hydrogen concentration
measurement at the reactor outlet is available. Table 19.1 shows that, whatever the
NOx conversion rate, ammonia is released when hydrogen is not fully consumed
during the regeneration step of the NOx-trap catalyst.

An illustration of these observations is shown in Fig. 19.2. This figure reports
the influence of the catalytic mass and the hydrogen concentration in the rich
pulses at 400 �C. It allows following the evolution of the reactions along the
catalytic bed. The increase of the catalytic weight clearly shows that the in situ
produced ammonia during the NOx reduction on the first part of the catalyst is able
to react with the downstream stored NOx to give N2 since there is no more
available hydrogen [28]. On the contrary, if hydrogen remains, all the catalytic bed
works identically.

In agreement with Nova et al. [31], this Fig. 19.2 also strongly suggests that (i)
nitrogen formation occurs via a two step pathway and (ii) the stored NOx react
preferentially with the introduced hydrogen to form NH3 (step 1), whenever H2 is
present in the gas phase. NH3 further reacts with stored NOx downstream to form
N2, preferentially in a hydrogen free environment (step 2) [28, 34]. The selectivity
toward NH3 formation is then governed by the relative rate constants of NH3

formation and NH3 consumption. In this dual-step mechanism, step 1 rate is higher
than the step 2 one [17, 32], even though the characteristic reaction times for NH3

formation and consumption are lower than the characteristic diffusion times of
stored NOx.

As previously mentioned, the presence of H2O and CO2 in the gas mixture
directly impacts ammonia formation mechanism. According to reaction (19.14),
the Water Gas Shift (WGS) and the reverse reaction (Reverse WGS, RWGS) can
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also occur, leading to the presence of both CO and H2 in gas phase, even if the
initial reductant in the rich mixture is H2 or CO alone.

COþ H2O� CO2 þ H2 ð19:14Þ

It was demonstrated that the presence of water or carbon dioxide in the gas
mixture has a negative effect on the storage step of the NSR process [33, 34].
However, their impacts on the reduction step using H2 as reductant are significantly
different. Due to the involvement of water in the (R)WGS reaction, the absence of
few percents of H2O in the gas mixture leads to a small decrease of the NOx removal
efficiency because a larger part of the introduced hydrogen is transformed into CO, a
less efficient reductant. In the same time, the ammonia selectivity increases due to
the possible formation of isocyanate species. In opposition, the absence of CO2

leads to an increases in NOx conversion [34], with a little ammonia formation. The
isocyanate is then impossible since there is no carbon source in the gas mixture.
However, ammonia emission can still be observed, indicating that the direct route
occurs. Note that hydrocarbons (such as propene) are also possible reductants
leading to isocyanates via oximes intermediates [35]. Isocyanates lead to amines (or
amides) that are very good reductants of NOx [35, 36].

The nature of the basic storage phase also affects the ammonia formation. For
instance, the comparison of usual Pt–Ba/Al2O3 catalyst with Pt–K/Al2O3 sample
(with similar molar amount of basic element, i.e., Ba or K) evidences a higher N2

selectivity during the reduction step with H2 for the NOx stored over the K phase
[17]. Authors report a similar reactivity for the H2 ? nitrate and NH3 ? nitrate
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reactions. In fact, on Pt–K/Al2O3, the onset for the direct H2 ? nitrate reaction
leading to ammonia (step 1, reaction 19.13) occurs at temperature very close to the
threshold for the NH3 ? nitrate reaction (step 2, reaction. 19.14), leading to the
desired N2 compound. Finally, this study shows again that the ammonia emission
strongly depends on the balance between the ammonia production and the
ammonia reaction with the stored NOx.

The nature of the support, especially in terms of redox properties, obviously
significantly impacts this equilibrium between formation and reactivity of NH3

during the regeneration step of the NSR process. It is possible to increase the
reaction rate between the in situ produced ammonia and the remaining stored NOx.
For instance, addition of manganese to a Pt/BaO/Al2O3 model material (Pt/Ba(Mn)/
Al catalyst) allows an improvement of the NOx reduction by ammonia, especially at
400 �C, even if the introduced hydrogen is not fully converted [28]. Same trends
were obtained with addition of ceria, and more interestingly, further improvements
were obtained with the simultaneous Mn and Ce addition to model Pt/BaO/Al2O3

catalyst [29]. A synergetic effect was highlighted between Mn and Ce with a sig-
nificant decrease in ammonia emission in the 200–400 �C temperature range,
correlated with a synergetic effect concerning the oxygen storage capacity. The
influence of the Mn and Ce addition on the NOx conversion rate and the NH3

selectivity at 400 �C are presented in Fig. 19.3 depending on hydrogen concen-
tration in the rich pulses. The increase of the NOx conversion together with the
decrease of the ammonia selectivity was partially attributed to an enhancement of
the reactivity between the in situ produced ammonia and the stored NOx.

In addition to the enhancement of the NOx ? NH3 reaction rate, the selective
ammonia oxidation into nitrogen via the available oxygen was also proposed to occur
[22]. Then, this reaction was proposed to explain the low NH3 emission obtained with
the catalysts exhibiting high oxygen storage capacities (OSC), even with very large
hydrogen excess (Fig. 19.3), [37]. However, the OSC/oxygen mobility is not the only
parameter to explain the activity enhancement. It was showed over Pt/CexZr1-xO2
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catalysts that the NH3 yield is decreased with the increase of the cerium content, but
not with the OSC [38]. This aspect is not totally explained yet.

19.2.4 Conclusion

Finally, significant ammonia emissions are possible at the NSR catalyst outlet.
Two pathways are described, the direct route with H2 and the isocyanate route with
CO. However, the ammonia formation is especially favored in the presence of
hydrogen, which can be produced in situ or upstream the NSR catalyst. Whatever
the ammonia production pathway, ammonia emission strongly depends on the
balance between the ammonia formation rate and the ammonia reactivity (with
NOx or oxygen from the support). Ammonia emission is particularly linked to the
presence of unconsumed hydrogen. In addition, Ce-based oxides are proved to
enhance the ammonia reactivity in the NSR catalyst.

19.3 Coupling of NOx Trap and NH3–SCR Catalysts

19.3.1 Emergence and Development of the NSR–SCR
Coupling Concept

The concept of adding a NH3 adsorbing materials to a NOx reduction catalyst was
patented by Toyota in 1998 for applications on gasoline engines [39]. In the
claimed configuration, a Cu–ZSM-5 catalyst is added to the three way catalyst
(TWC) with the engine working in cycling conditions. In rich conditions, NOx can
be reduced to N2 and NH3 which can be stored on the zeolitic materials. When the
engine turns to lean conditions, NOx is no longer reduced on the TW catalyst.
Ammonia is in part oxidized (to N2) or desorbed. It may then react with NO
passing through the TW monolith. This initial system was improved by intro-
ducing a small, auxiliary engine working in rich conditions and able to produce
ammonia needed for reduction of the NOx issued from the main engine [40].
Exhaust pipes are arranged to receive a TWC catalyst and a NH3 adsorbing
materials. In a further patent, Toyota claimed a new embodiment of the concept in
which a group of cylinders are working in rich conditions while the others are
working in lean conditions [41]. TW catalysts and NH3 adsorbing and oxidizing
catalysts (NH3–AO) are interconnected to receive alternatively the gases issued
from the first and second groups of cylinders. The patent claims a wide range of
NH3–AO catalysts: zeolites, silica–alumina, titania doped with Cu, Fe, Cr,… This
last system was finally improved by replacing the TW catalyst by a NOx-trap
materials (named NOx-occluding and reducing catalyst, NH3–OR in the patent)
[42]. In this configuration, the system is very close to the NSR–SCR coupling for
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NOx after-treatment. Several systems associating NSR and SCR catalysts were
further claimed in Toyota patents [43, 44].

A system including an ammonia-generating catalyst coupled with the NOx-trap
or a TW catalyst was claimed by Daimler–Chrysler in 2002 under the name of
‘‘smart catalytic converter’’ [45]. In the lean operating phases, the nitrogen oxides
are intermediately stored in the nitrogen oxide adsorption catalyst. In the rich
operating phases, ammonia is generated by the ammonia-generating catalyst from
the nitrogen oxides contained in the exhaust gas. The generated ammonia then
causes a nitrogen oxide reduction in the nitrogen oxide adsorption catalyst. The
mechanism by which ammonia is generated is obviously not detailed. The patent
merely supposes that ammonia can be formed by reaction of NOx with reductants in
excess (especially H2) during the rich operating phases. The materials catalyzing the
reaction between NO and ammonia are not fully described. It is suggested that the
SCR reaction can occur on the NOx adsorbing catalyst. Commercially, the system
was implemented on the Mercedes E320 Bluetec vehicle in 2007.

The coupling between a NOx-trap sample and a NH3–SCR catalyst, located
downstream the first one or in a double layer on the monolith, was patented by Ford
in 2004 [46]. In this patent application, ammonia is generated during the rich spike
of the NSR catalyst cycle. It is stored on the SCR catalyst and further used to reduce
NOx during the lean phase. Depending on the temperature, a significant fraction of
the nitrogen oxides may not be trapped and passes through the NSR catalyst: the
SCR catalyst having stored ammonia helps at converting the NOx not stored on the
NSR catalyst. The Ford patent claims a NSR catalyst composed of noble metals
deposited on a NOx-trap materials (alkali, alkali earth metals,…) while the SCR
catalyst would be made of zeolite, silica–alumina, or titania promoted by Cu, Fe, or
Ce. This system was further detailed in a patent in 2008 [47]. Chigapov et al. from
Ford Germany recently published a patent in which special compositions of the
LNT catalyst (based on rare-earth and earth alkaline oxides) and of the SCR catalyst
(Cu–Ce zeolites) were claimed for a better use in LNT–SCR coupling [48]. The
coupling between a NSR and a SCR catalyst was also claimed by Engelhardt [49]. A
more general system in which the SCR catalyst could be coupled to NSR and
oxidation catalysts and associated with a soot filter was patented by BASF [50]. In
this patent, the claimed SCR catalyst is composed of silver tungstate Ag2WO4

supported on alumina. Other BASF patents were published in 2010 and 2011 to
cover the specific case of NSR–SCR coupling systems [51, 52]. A NSR–SCR
coupling system was also depicted by Johnsson–Matthey [53]. Indeed, recently
Twigg et al. suggest the development of a multicomponent diesel catalyst known as
‘‘four-way catalysts’’ (FWCs) [54]. SCR and/or NOx-trapping components will be
incorporated into catalysed filters from diesel cars in order to be cost-effective,
weight effective, and space-effective. Finally, in the last 10 years, great efforts were
made at Eaton Corporation to propose a viable technology with different configu-
rations. No less than six patents were published by this Company claiming both
depollution systems and catalysts for each configuration [55–60]. The systems may
include two LNT bricks in parallel with optimization (i) of thermal changes during
working and desulfation and (ii) of rhodium usage in the LNT catalyst.
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19.3.2 Coupling of Pt Catalysts with Zeolites

Addition of nonpromoted zeolites to a NSR catalyst was investigated by Nakasutji
et al. [61]. They showed that mordenites with a SiO2/Al2O3 molar ratio of 10 or 20
were able to store significant amount of ammonia during the NOx-trap/reduction
process and to improve NOx conversion. Preliminary experiments were carried out
in a rich gas (400 ppm NO ? 1 % H2) and in simplified lean/rich cycles (lean:
2000 ppm NO ? 8 % O2; rich: 2 % H2). They revealed that Pt/Al2O3 (without Ba)
was able to produce ammonia during the rich phase (NO/H2 mixture) and that
MOR–10 or 20 could store ammonia in similar conditions. In spite of these reactive
and adsorptive properties, the physical mixture composed of 20 parts Pt/Al2O3 and
80 parts of MOR–20 is much less efficient for NOx conversion than a standard
NSR catalyst (Table 19.2). This is due to the very poor NOx-trap properties of the
Pt–Al2O3: as there is no NOx trapped on the Pt catalyst, no ammonia could be
produced during the rich phase. By contrast, the conversion is much higher when
Pt/Al2O3 is replaced by Pt/CeO2 which possesses significant NOx-trap capacity.
Ammonia stored on the mordenite contributes for 50, 45, and 30 % of NOx con-
version at 200, 300, and 400 �C, respectively. Unfortunately, relatively large
amounts of N2O are produced at 200–300 �C, which limits the conversion to N2.

19.3.3 Coupling of Pt(RhPd)/BaO/Al2O3 with Cu–Zeolite
Catalysts

The NSR–SCR coupling was studied by Shinjoh et al. who used Cu–ZMS5 as the
SCR catalyst [62]. A three-bed reactor was developped comprising successively: a
2.4 % Pd/c–Al2O3 catalyst (simulating the Diesel Oxidation Catalyst), the NSR
catalyst (1.6 % Pt–0.16 % Rh/BaO/Al2O3) and the SCR catalyst (5 % Cu–ZMS–
5). The catalyst performances were compared in lean/rich cycled conditions
(3 min each). A significant beneficial effect of adding Cu–ZMS5 to the Pd ? NSR

Table 19.2 Effect of the addition of mordenites to Pt catalysts (2 % Pt/Al2O3 or 2 % Pt/CeO2)
for NOx conversion in cycled conditions (physical mixture of 80 part of MOR–20 and 20 part of
Pt catalyst)

Catalyst NOx conversion at various temperatures

200 �C 250 �C 300 �C 350 �C 400 �C

NSR alone 22.0 77.2 94.9 95.3 96.5
Pt/Al2O3 ? MOR 19.6 28.4 27.1 14.5 5.4
Pt/CeO2 ? MOR 41.8 75.7 68.6 47.5 32.8
Conv. to N2 28.6 38.5 49.0 41.8 18.4

Comparison with a NSR catalyst alone (2 wt.% Pt/75 % alumina-21 wt.% BaCO3–2 wt.%
K2CO3). From Ref. [61] selectivities are not detailed in this reference
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catalyst was observed between 230 and 310 �C. The increase of conversion can
amount to +15 % when Cu–ZSM-5 is added (Fig. 19.4).

The role of each catalyst was detailed by Shinjoh et al. The Pd catalyst allows
the NO oxidation into NO2 in the lean phase (reaction 19.15) and significantly
increases the NH3 formation during the rich phase (reaction 19.16):

Lean NO þ O2 ! NOx ð19:15Þ

Rich NOx þ Red H2; CO; HCð Þ ! NH3 þ H2O þ CO2

! N2 þ H2O þ CO2 ð19:16Þ

A third role of the Pd catalyst is to catalyze partial oxidation of propylene in
reducing conditions, C3H6 being then partially transformed into H2 and CO. The
NSR catalyst stores the NOx during the lean phase (reaction 19.17) and forms N2

or NH3 during the rich phase (reaction 19.18).

Lean NOx ! NOxðadÞ ð19:17Þ

Rich NOxðadÞ þ Red H2; CO; HCð Þ ! N2 þ H2O þ CO2

! NH3 þ H2O þ CO2 ð19:18Þ

Finally, the SCR catalyst stores ammonia during the rich phase (reac-
tion 19.20) and allows the reaction of adsorbed ammonia with NO not converted
in the lean phase (reaction 19.19).

Lean NOx þ NH3ðadÞ ! N2 þ H2O ð19:19Þ

Rich : NH3 ! NH3ðadÞ ð19:20Þ

The effect of Cu–ZSM-5 (5 % Cu) addition on the performances of Pt–Rh/BaO/
Al2O3 (Pt–RhBa) catalyst was also investigated by Corbos et al. [63, 64]. The
catalytic system was tested in periodic cycling conditions (100 s lean/10 s rich)
between 200 and 400 �C in three configurations: NSR catalyst alone, physical

Fig. 19.4 Effect of
Cu–ZSM-5 added to the
Pd ? NSR catalyst. Lean gas
230 ppm NO, 6.5 vol % O2,
9.6 vol % CO2, 3 vol % H2O
balanced N2, Rich gas
230 ppm NO, 0.4 vol % O2,
3,900 ppmC with C3H6 as
HC, 9.6 vol % CO2, 3 vol %
H2O balanced N2
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mixture of NSR ? CuZSM-5 or dual bed catalyst (CuZSM-5 downstream NSR).
The results are shown in Table 19.3.

While Cu–ZSM-5 is almost inactive in NOx abatement in NSR cycling con-
ditions, addition of this catalyst to Pt–Rh/Ba improves the performance of the NSR
catalyst at 250 and 300 �C. At 400 �C, there is virtually no improvement when
Cu–ZSM-5 is added to the NSR catalyst. At this temperature, ammonia is either
not produced or not stored on the SCR catalyst. Interestingly, the physical mixture
of Pt–Rh/Ba and CuZSM-5 gives better performances than the dual bed system.
Corbos et al. concluded that a close proximity of the NSR catalyst with the NH3–
SCR catalyst was required for a better production and use of ammonia produced
during the rich phase. The greatest effect of Cu–ZSM-5 is observed in the presence
of H2 in the reductant mixture, independently of the catalyst configuration
(physical mixture or two beds). This is in line with H2 giving the highest yield of
ammonia in NSR cycling conditions. However, a cooperative effect between H2

and CO can be observed at low temperature on the physical mixture, the reductant
efficiency being in the following order: CO/H2 mixture [ H2 alone [ CO alone.
However, most experiments were carried out in the absence of water in the syn-
thetic gas. Adding 1 % H2O in the gas mixture did not cause great difference in
NOx removal over the NSR catalyst alone while a slight decrease in activity of the
NSR–SCR catalyst combination was observed. Another critical point is the process
selectivity: residual NH3 is a criterion of the NSR–SCR efficiency (ammonia slip
cannot be accepted) while N2O formation is a good criterion of the reduction
selectivity (N2O is a powerful greenhouse effect gas). Figure 19.5 shows the NH3

and N2O concentration after the NSR catalyst and in the NSR–SCR configuration.

Table 19.3 Effect of adding a SCR catalyst (Cu/ZSM-5) to a NSR catalyst (Pt–Rh/Ba) in cycling
conditions: 100 s lean (500 ppm NO ? 0.13 % CO/H2 ? 167 ppm C3H6 ? 1 % CO2 ? 10 %
O2 in He) and 10 s rich (100 ppm NO ? 8.53 % CO/H2 ? 1 % CO2 in He)

Reductant Catalyst NOx removal

250 �C 300 �C 400 �C

CO/H2 mixture Pt–Rh/Ba (NSR alone) 39 50 39
CuZSM-5 11 13 –
Pt–Rh/Ba ? CuZSM-5 (2 beds) 46 61 37
Pt–Rh/Ba ? CuZSM-5 (phys. mix.) 86 79 38

Pure CO (6.4 %) Pt–Rh/Ba (NSR alone) 39 43 36
Pt–Rh/Ba ? CuZSM-5 (2 beds) 39 58 42
Pt–Rh/Ba ? CuZSM-5 (phys. mix.) 54 66 45

Pure H2 (6.4 %) Pt–Rh/Ba (NSR alone) 47 54 48
Pt–Rh/Ba ? CuZSM-5 (2 beds) 67 73 42
Pt–Rh/Ba ? CuZSM-5 (phys. mix.) 68 77 45

Pure H2 (2.14 %) Pt–Rh/Ba ? CuZSM-5 (2 beds) 62 60 –
Pt–Rh/Ba ? CuZSM-5 (phys. mix.) 67 61 –

The gas mixture CO/H2 contains 75 % CO and 25 % H2
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A similar system (Pt–Rh NSR ? Cu–zeolite) was recently investigated by Mc
Cabe et al. [65–67] of Ford Motor Company. Figure 19.6 shows the implemen-
tation of the catalysts in the exhaust line for the engine tests.

Using a CO ? H2 ? C3H6 mixture as the reductant in cycling experiments,
NOx conversion was higher than with ammonia alone. Wang et al. concluded that
propylene was an efficient reductant in the NSR–SCR combination. The results of
a representative engine test over a high-emitting engine (called LR3) are given in
Table 19.4. Though the SCR catalyst shows a non-negligible activity in converting
NMHC (nonmethanic HC) and CO, the greatest effect can be observed on the NOx
conversion. Only the LNT ? SCR configuration allows to reach a good level of
NOx abatement.

Separate experiments proved that Cu–zeolite was a good catalyst for NOx
reduction, both by ammonia and alkenes. High resistance to deactivation by
hydrocarbon and sulfur was obtained with a new generation of Cu–zeolite (Cu–
CHA) which shows higher performances than the catalyst of the first generation
composed of Fe–BEA [66, 67]. The NSR–SCR system is more efficient than the NSR
catalyst alone up to 425 �C. Above this temperature, the SCR catalyst has no effect
and it is advantageous to increase the loading of the NSR catalyst. However, such
high temperatures are rarely encountered with normal diesel engine operation.

Fig. 19.5 Selectivity to NH3 and N2O of the NSR catalyst alone and in the NSR–SCR dual bed
configuration. Gas compositions during lean and rich phases are detailed in Table 19.3

Fig. 19.6 System used in the vehicle tests [67]

19 NSR–SCR Combined Systems: Production and Use of Ammonia 601



The efficiency of Cu–BEA and Cu–ZSM-5 as SCR catalyst coupled with Pt/
BaO/Al2O3 was compared by De La Torre et al. in a very recent paper [68]. Both
zeolites lead to very active co-catalysts in promoting the NOx reduction by the
NSR catalyst alone. The optimal Cu loading is obtained for 1.4 % Cu in ZSM-5
and 2.1 % Cu in BEA (Table 19.5). Cu–ZSM-5 and Cu–BEA can increase the
NOx conversion by 20–30 % in the 200–300 �C temperature range. A significant
formation of ammonia is observed on the NSR catalyst alone which is used for the
SCR reaction (a part of NH3 being oxidized by O2). Cu–ZSM-5 and Cu–BEA have
very similar effects so that activity per Cu ions appears higher over Cu–ZSM-5.

The two zeolite catalysts were characterized by De La Torre et al. [68]. Total
acidity is higher over BEA but ZSM-5 shows a higher number of strong acid sites
desorbing ammonia beyond 220 �C. In the optimized catalysts (1.4 % Cu–ZSM-5
and 2.1 % Cu–BEA), all the copper remains in the Cu2+ state. Increasing Cu
loading leads to H2/Cu \ 1 in TPR experiments, which confirms the formation of
Cu+ and may be Cu0 species. Reduced species of copper appear to be less active
and less selective to N2 (higher formation of N2O).

Table 19.4 Emission results from FTP test (Federal test procedure) over the LR3 engine (code
location: see Fig. 19.6)

Emissions Before
DOC
(FG)
g/mile

After LNT
(MB) g/mile

Tailpipe
(TP) g/mile

DOC ? LNT
efficiency (%)
(FG-MB)

SCR
efficiency (%)
(MB-TP)

Overall
efficiency (%)
(FG-TP)

NMHC 2.33 0.23 0.07 90 69 97
CO 6.42 0.30 0.21 95 30 97
NOx 1.02 0.25 0.07 78 74 93

Efficiency (%) represents the percentage of pollutant abatement (NMHC, CO, or NOx) at dif-
ferent stages of the exhaust pipe. From Ref. [67]

Table 19.5 NOx conversion, N2, NH3 and N2O formation (expressed in N atoms) over the NSR
catalyst alone and in the NSR ? SCR configuration

T
(�C)

NSR alone NSR ? Cu–ZSM-5 (left) and NSR ? Cu–
BEA (right)

NO
conv (%)

N2 form
(%)

NH3

form (%)
N2O
form (%)

NO
conv (%)

N2 form
(%)

NH3 form
(%)

N2O
form
(%)

200 40.9 9.8 28.8 2.3 74.5 63.5 70.8 48.7 1.7 12.8 2.0 2.0
250 47.3 27.1 19.5 0.7 73.6 77.3 72.2 73.0 0.2 1.8 1.2 2.5
300 50.0 32.4 17.2 0.4 72.3 71.4 71.6 70.3 0.1 0.3 0.6 0.8
400 39.1 29.4 9.4 0.3 50.9 52.5 50.4 51.7 \0.1 0.1 0.5 0.7

Lean gas 750 ppm NO ? 9.5 %O2 (balance in Ar). Rich gas 750 ppm NO ? 4 % H2 (balance in
Ar). Cycles: 150 s lean/20 s rich. Space velocity: 28,600 h-1 for NSR and 90,000 h-1 for SCR
(1.4 % Cu/ZSM-5 or 2.1 % Cu/BEA). From Ref. [68]
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19.3.4 Coupling of Pt(RhPd)/BaO/Al2O3 with Fe–Zeolite
Catalysts

Systems coupling NSR with Fe–zeolite SCR catalysts were studied by many
authors, in particular the Group of Forzatti in Milano [69–71], the Group of
Daimler AG [72–75] and others [76–78]. Fe–zeolite are generally found less active
in SCR than Cu–zeolite catalysts at low temperatures (Fig. 19.7) but they would be
more selective to N2. However, depending on the nature of the zeolite, contrasted
results were obtained: for instance, Cu–ZSM-5 was shown to be slightly more
selective than Fe–ZSM-5 when washcoated in dual layer monolith/NSR/SCR [79].

Kinetic studies and specific experiments with designed reactants coupled to
FTIR or DRIFT were mainly employed by Forzatti and coworkers to get detailed
information about the behavior of each catalyst configuration (Pt–Ba/Al2O3 alone,
Fe–ZSM-5 alone or Pt–Ba/Al2O3 ? Fe–ZSM-5). As expected, NOx is mainly
stored on the basic NSR catalyst while ammonia formed upon the rich phase is
mainly stored on the acidic SCR catalyst. Gaseous NOx slipped from the LNT
catalyst during the lean phase reacts with NH3 stored on Fe–ZSM-5 to give N2.
This classical view of the NSR–SCR system can lead to different performances
depending on the proximity of the NSR and SCR catalysts (physical mixture vs.
dual bed) and on the presence or not of CO2 and H2O in the gas mixture.
Tables 19.6 and 19.7 summarize the result of Castoldi et al. [71]. Prolonged rich
and lean phases (40 min each) were carried out with intermediary He purges to
have a clearer analysis of the compounds stored and formed during each phase.
Adding the SCR catalyst has a significant positive effect on the NOx removal, in
the presence and in the absence of CO2 and water in the gas mixture. This effect is
slightly more marked when both catalysts are physically mixed, which is in line
with the results of Corbos et al. [63]. However, though the dual bed system seems
less effective for NOx removal, it leads to a higher selectivity to N2 in rich phase,
when there is no CO2 and H2O and in both phases (lean and rich) in the presence of
CO2 and H2O.

Fig. 19.7 NOx conversion in
NH3–SCR over zeolite
catalysts after hydrothermal
ageing for 64 h at 670 �C.
Reaction conditions:
350 ppm NO, 350 ppm NH3,
14 % O2, space velocity:
30,000 h-1. From Ref. [67]
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The results of Tables 19.6 and 19.7 were obtained at 250 �C. In the physical
mixture, the amount of removed NOx decreases with the temperature in the
absence of CO2 and H2O while it is almost constant with CO2 and H2O. At 350 �C,
there is virtually no difference when there is CO2 ? H2O or not in the gases. In the
dual bed, the amount of removed NOx tends to increase with temperature in every
cases (with CO2 ? H2O or not).

The effect of the reactor configuration (dual bed vs. physical mixture) seems to
strongly depends on the temperature: in a preliminary study carried out at 200 �C,
Bonzi et al. showed that NOx conversion was significantly higher in the physical
mixture configuration, with 390, 610, and 980 lmol NOx removed/g respectively
after the NSR catalyst alone, after the NSR–SCR dual bed and after the physical
mixture [69]. A comparison with the results of Tables 19.6 and 19.7 shows that the
differences between the three configurations are more marked at 200 �C than at
250 �C.

Following their patent publication (see Sect. 19.4.1), the Group of Daimler AG
essentially worked at rationalizing the concept of smart catalytic converter by
modeling the NSR–SCR dual bed [73, 74]. It was shown that a good adjustment of
the NSR and SCR catalyst volume as well as a good balance between rich and lean
cycle lengths are a prerequisite to an optimal operation of the system. An example
of the modeling results, taken from Ref. [72], is given in Table 19.8. The model
shows that increasing the SCR–to–NSR volume ratio (keeping constant the total
volume) leads to a slight increase of the percent of NOx removal and to an
increase of the amount of reacted ammonia (100 % in the second configuration of
Table 19.8). The same model (COMSOL package) was used to optimize the lean/
rich cycle duration.

Another modeling of the reactor volume was performed by Seo et al. [80] with
a special insight to the formation of N2O. In the NSR–SCR coupling, it is
important to minimize (or annihilate) both ammonia and N2O in the aftertreatment
exhaust gas. This means that ammonia should be used to reduce NOx (or be
oxidized to N2) while N2O, if formed, should be destroyed in the catalytic system.
The NSR catalyst was composed of Pt/Pd/Rh/Ba/Ce/Zr on Al2O3 (relative

Table 19.6 Quantitative analysis of lean/rich experiments performed over the NSR,
NSR ? SCR physical mixture and NSR/SCR dual bed configurations in the absence of CO2 and
H2O

Amounts (lmol/gcat) NSR alone NSR ? SCR (phys. mix) NSR ? SCR (dual bed)

NOx removed(a) 429 512 472
NOx stored(a) 429 434 423
N2 (lean) 0 78 49
N2 (rich) 193 51 209
NH3 slip 57 70 14

Experimental conditions: T = 250 �C; lean phase NO (1,000 ppm) in O2 (3 % v/v) ? He; rich
phase H2 (2,000 ppm) in He; catalyst weight 60 mg LNT (or 60 mg NSR ? 60 mg SCR); total
flow rate 100 Ncm3 /min mol/gcat refers to NSR Pt–Ba/Al2O3 weight. From Ref. [71]
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weight- %: 3.3/0.72/0.31/12.56/7.97/4.49) while the SCR catalyst was a Fe–TMI
zeolite (1.8 % Fe). Although it is not the best configuration in terms of NOx
abatement, the system with an equal volume of NSR and SCR catalysts shows the
best result in terms of ammonia and N2O slip. A similar configuration was adopted
by Pereda–Ayo to study the NSR (Pt–Ba–Al2O3)–SCR (Fe–BEA zeolite) coupling
[78]. Nine values of nine parameters (81 experiments) were chosen to construct the
abacus for predicting optimal performances. Very critical points are the temper-
ature, the duration of lean-rich cycles and the concentration of H2 in the respective
lean and rich phase. It was shown that there is an optimum value of H2 concen-
tration (3 % in the conditions of Ref. [78]) to get the highest NOx conversion and
the complete use of the ammonia produced in the NSR catalyst (no NH3 slip). The
specific role of H2 concentration was also investigated by Lindholm et al. [76] who
showed that the optimum H2 concentration depended on the process temperature.
A higher hydrogen concentration enhances the NOx removal efficiency at lower
temperatures while this concentration should be reduced at higher temperatures to
avoid an excess of ammonia leading to inhibition of the SCR reaction. Lindholm
also showed that the NO2/NO ratio was a critical factor in the NSR–SCR coupling.
There is a clear benefit when NO2 is present in the feed at low temperatures. Model
studies were recently performed by Kota et al. who investigated the effect of
exhaust pipe architecture (several sequential bricks LNT/SCR), the effect of the
lean/rich cycle duration and the possible role of nonuniform noble metal loading
[81]. The juxtaposition of two sequences of LNT/SCR bricks has a positive effect
on NOx conversion while nonuniform metal loading has only a minor effect.

Table 19.7 Same results with 0.1 % CO2 and 1 % H2O in the gas mixture (lean and rich)

Amounts (lmol/
gcat)

NSR
alone

NSR ? SCR
(phys. mix)

NSR ? SCR
(dual bed)

NOx removed(a) 272 323 396
NOx stored(a) 272 307 272
N2 (lean) 0 16 123
N2 (rich) 93 21 135
NH3 slip 117 7 0

Other conditions are given in Table 19.6. From Ref. [71]

Table 19.8 NOx removal efficiency and percentage of ammonia used to reduce NOx in a smart
catalytic converter based on Pt–Ba–NSR and Fe–zeolite SCR catalyst

Catalyst configuration
Respective volumes

% NOx removed
on the NSR unit

% NOx removed
on the SCR unit

NH3 reacted/
NH3 adsorbed

2 V of NSR ? 1 V of SCR 55 7 0.3
1 V of NSR ? 2 V of SCR 48 15 1.0

Reaction conditions: 240 �C, 165 s lean (500 ppm NO ? 8 % O2 ? 8 % CO2 ? 8 % H2O), 7 s
rich (500 ppm NO ? 1.6 % O2 ? 1.4 % H2 ? 0.3 % C3H6 ? 4.2 % CO ? 11.5 % CO2 ? 8 %
H2O). From Ref. [72]
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On the other hand, the lean/rich cycle duration has an important effect on the
catalyst performance: reducing the cycle duration by a factor 2 can improve the
NOx conversion by about 15–20 %.

19.3.5 Other Systems Including Tungsten-Based Catalysts

Sullivan and Keane have proposed a system in which both NSR and SCR com-
ponents are included in the same materials [82]. Ba–ZSM-5 (4.3 % Ba), Fe–ZSM-5
(0.8 % Fe) and Ba–Fe–ZSM-5 were studied to evaluate the benefit of the concept.
Oxygen is required to desorb NOx previously adsorbed on the catalyst, while
gaseous ammonia is able to react with this stored NOx. Interestingly, Sullivan and
Keane showed that N2O was produced in the NH3(g)/NO(a) reaction on Ba–ZSM-5
and Fe–ZSM-5, but to a lesser extent on the composite FeBa–ZSM-5 catalyst.

Corbos et al. investigate the coupling of Pt–Rh/Ba/Al2O3 with different
potential SCR catalysts (Co/Al2O3, CuZSM-5, Ag/Al2O3) [64]. As expected (and
already found in a previous work [63]), addition of Cu–ZSM-5 gave the highest
performances. Excellent performances were also obtained with Co/Al2O3 while
addition of Ag/Al2O3 had no significant influence. The negative effect of water on
the global performances of Pt–Rh/Ba/Al2O3 ? Cu–ZSM-5 was ascribed to an
inhibition of the reactions occurring on Cu–ZSM-5.

Berland et al. also studied the combination of a model NSR catalyst (1 % Pt/
10 % BaO/Al2O3, denoted as Pt/Ba–Al) with oxides-based SCR samples [84]. WO3

supported over ceria-zirconia oxides (WO3/Ce–Zr) were studied as the active NH3–
SCR catalysts. The effect of the composition of the ceria-zirconia mixed oxides was
studied with a constant WO3 loading (10 wt.% of W, added by impregnation). It is
demonstrated that Pt/Ba–Al NSR catalyst can release important amount of
ammonia, until over 50 % of selectivity at 300 �C (Fig. 19.8a). SCR materials
WO3/Ce–Zr, with different Ce–Zr ratio, were associated downstream to the Pt/Ba–
Al NSR catalyst. In the NSR ? SCR combined system, the DeNOx efficiency is
strongly improved. An enhancement of 24 points in NOx conversion was obtained
at 300 �C for the better SCR sample (WO3/Ce–Zr(20–80)) (Fig. 19.8b) [83].

The acidic, basic, and redox properties of the SCR catalysts were investigated.
In fact, it is reported in Ref. [85] that the redox properties are the key factors
controlling the reactivity of the catalysts at low temperature, whereas at high
temperature the acid properties are expected to play a major role in the SCR
reaction. The addition of well-dispersed surface WO3 to CeO2–ZrO2 oxide led to
an important NH3 storage capacity (acidity) not present on the host support. In the
same time, the addition of tungsten trioxide strongly decreased the oxygen
mobility, the NO to NO2 oxidation activity and NOx storage capacity of ceria-
zirconia oxides. The NOx selective catalytic reduction with ammonia (NH3–SCR)
and the NH3 selective catalytic oxidation with oxygen (NH3–SCO) behaviors of
these SCR samples have been also studied [83]. All WO3/Ce–Zr materials are
active for reducing effectively the NOx. These solids can reduce more than 80 %
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of NOx in NH3–SCR conditions including CO2 and H2O in feed gas. A strong
oxidation of ammonia was also reported in the absence of NOx with nearly 80 %
of ammonia oxidized only into nitrogen.

Placed downstream to a model Pt/Ba–Al NSR catalyst, it was demonstrated that
the NH3 reactivity is temperature-dependent. At low temperature (200 �C), all the
emitted ammonia from the NSR catalyst reacts (Fig. 19.8c), but according only to
the standard NH3–SCR (see Sect. 19.4.1). At higher temperature, fast NH3–SCR is
then favored due to the NO oxidation into NO2 over the upstream NSR bed. Besides,
at 300 and 400 �C, a part of the stored ammonia is converted into N2 via the SCO
reaction (Fig. 19.9b). In addition, some NH3 is released, especially for lower Zr
contents in WO3/Ce–Zr materials (WO3/Ce–Zr(58-42) and WO3/Ce–Zr(70-30)). This
result implies competitions between the NH3–SCR and the NH3–SCO reactions
together with the formulation of WO3/Ce–Zr SCR samples (Fig. 19.9a and b). It also
puts in evidence a lack of strong acid sites in order to store NH3 at high temperature.

Finally, the work of Kim et al. about the HC–SCR and NH3–SCR coupling
system should be mentioned [86]. Although this study is out of the scope of
the present chapter, it obeys to the same principle: the first bed (composed of
Ag/Al2O3) is active in NOx reduction by hydrocarbons or alcohols but it produces
also ammonia and HCN which can be used in the second bed (CuCoY or Pd/
Al2O3) in order to reduce the unconverted NOx by ammonia.
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Fig. 19.8 a NOx conversion (—) and NH3 selectivity (–) over NSR Pt/Ba–Al model catalyst.
b NOx conversion in NSR ? SCR (NSR:SCR = 60:120) combined system, from [83]: (u): Pt/
Ba–Al; (j): Pt/Ba–Al ? WO3/Ce–Zr(20–80); (m): Pt/Ba–Al ? WO3/Ce–Zr(40–60); (h): Pt/
Ba–Al ? WO3/Ce–Zr(58–42); ( ): Pt/Ba–Al ? WO3/Ce–Zr(70–30); (d): Pt/Ba–Al ? WO3/
CeO2. Lean (60 s): 500 ppm NO ? 10 % O2 ? 10 % CO2 ? 10 % H2O, Rich (3 s): 3 %
H2 ? 10 % CO2 ? 10 % H2O
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19.4 Selective Catalytic Reduction of NOx by Ammonia
(NH3–SCR)

As illustrated previously, materials associated downstream to the NSR catalysts
are usually metal-exchanged zeolites [87], or more recently acidic ceria-zirconia
based oxides as NH3–SCR catalysts [83]. These samples have to be active in NOx
reduction by NH3 together with a high ammonia storage capacity. Thus, zeolite
type structure was largely studied in the coupling NSR ? SCR system. More
specifically, iron and copper are the main exchanged metal in zeolites. Among the
possible zeolites, ZSM-5 is one of the most studied materials in the academic
literature, even if it is not the more appropriate structure.

19.4.1 Mechanistic Aspects of the SCR Reaction

The reaction pathway of the NOx selective catalytic reduction with ammonia
(NH3–SCR) is described by the following reactions (reactions 19.21–19.24):

4NH3 þ 4NO þ O2 ! 4N2 þ 6H2O ð19:21Þ

4NH3 þ 2NO þ 2NO2 ! 4N2 þ 6H2O ð19:22Þ

4NH3 þ 3NO2 ! 3:5N2 þ 6H2O ð19:23Þ

4NH3 þ 6NO! 5N2 þ 6H2O ð19:24Þ

These reactions are usually denoted as ‘‘standard’’ (19.21), ‘‘fast’’ (19.22),
‘‘NO2–SCR’’ (19.23) and finally ‘‘slow’’ (19.24) SCR reactions [31, 88–91]. It is
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Fig. 19.9 Ammonia consumption (ppm) on WO3/Ce–Zr SCR catalyst in NSR ? SCR
(NSR:SCR = 60:120) combined system for (a) NH3–SCR (b) NH3 SCO and (c) unconverted
NH3 [83]. (u): Pt/Ba–Al; (j) Pt/Ba–Al ? WO3/Ce–Zr(20–80); (m): Pt/Ba–Al ? WO3/Ce–
Zr(40–60); (h): Pt/Ba–Al ? WO3/Ce–Zr(58–42); ( ): Pt/Ba–Al ? WO3/Ce–Zr(70–30); (d):
Pt/Ba–Al ? WO3/CeO2, Lean (60 s): 500 ppm NO ? 10 % O2 ? 10 % CO2 ? 10 % H2O, Rich
(3 s): 3 % H2 ? 10 % CO2 ? 10 % H2O
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usually established in the literature that SCR of NOx with NH3 occurs through an
Eley–Rideal type mechanism [92–97], in which adsorbed ammonia reacts with
weakly adsorbed NO or NO in the gas phase. Nevertheless, some studies suggest a
reaction following a Langmuir–Hinshelwood mechanism [98–100]. However, it is
currently received that SCR chemistry over metal-exchanged zeolite firstly
requires the NO oxidation into NO2, which is claimed to be the rate-determining
step of the SCR mechanism [101]. For this reaction, metal-exchanged zeolites
present largely higher activity than transition metal free zeolites [102]. It is also
clearly evidenced that the NO2/NO ratio is a key parameter for the SCR activity
[88, 89, 103–105]. Indeed, fast SCR (reaction 19.22) and NO2–SCR (reac-
tion 19.23) reactions are much faster than the standard NO–SCR reaction (reac-
tion 19.21). Note that in a NSR ? SCR coupling system, the high oxidation
activity of the Pt(RhPd)/BaO/Al2O3 NSR formulation also provides NO2 by the
oxidation of NO. Transition metal centers on zeolite are not only involved in the
NO oxidation. For instance, it is suggested that iron species also promote the SCR
reaction over zeolite framework in the case of the Fe-exchanged ZSM-5 materials
[106]. Especially, transition metal sites are claimed to promote the formation of
reactive nitrates on the catalyst surface in the presence of gaseous NO2 [107]. In
fact, the formation of intermediate Fen+–NO species (n = 2, 3), Fe2+(NO)2 com-
plexes, and NO+ are reported [108]. Nitrosyl ion (NO+) may be produced by N2O4

disproportionation, which is firstly formed by NO2 dimerization. NO+ can further
react with H2O to produce HNO2. HNO2 can then react with ammonia to produce
ammonium nitrite (NH4NO2), which decomposes quickly below 100 �C, leading
to the SCR products, N2 and H2O [109]. Ammonium nitrate can also be formed
according to reactions 19.25–19.26:

2NO2 þ 2NH3 ! NH4NO3 þ N2 þ H2O ð19:25Þ

NO�3 þ NHþ4 ! NH4NO3 ð19:26Þ

In this later process, NH3 is activated on zeolitic Brønsted acid sites, giving
NH4

+ ions [110]. This point is discussed below (Sect. 19.4.2). Ammonium nitrate
thereafter decomposes into NO2 and NH3, as reported in reaction 19.27:

2NH4NO3 þ NO! 3NO2 þ 2 NH3 þ H2O ð19:27Þ

The combination of reactions (19.25) and (19.27) leads to the ‘‘fast’’ SCR, as
reported above (reaction 19.22) [111].

However, if transition metal exchanged zeolites are active materials in NH3–
SCR, N2O emission can be also observed. N2O emission constitutes one of the
main drawbacks of this system. For instance, Wilken et al. [112] reports a max-
imum N2O production at 200 �C over Cu–Beta zeolite. Mechanism of N2O
emission is proposed to proceed through the decomposition of ammonium nitrates
(reaction 19.28):

NH4NO3 ! N2O þ 2H2O ð19:28Þ
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Fast SCR conditions, and more especially high NO2 concentrations, are also
proposed to favor the N2O formation at low temperature (i.e., T B 350 �C) [113]
(reaction 19.29). Mechanism involving NO (reaction 19.30) is proposed to occur
at higher temperature (i.e., T C 350 �C) [114].

6NH3 þ 8NO2 ! 7N2O þ 9H2O ð19:29Þ

4NH3 þ 4NO þ 3O2 ! 4N2O þ 6H2O ð19:30Þ

Finally, over Fe/MFI, and generally on zeolite, it is reported in the literature
that N2 formation requires one nitrogen atom from a molecule of NOx, and a
second nitrogen atom from ammonia molecule [115]. This observation is consis-
tent with SCR reactions described in reactions 19.21–19.23.

19.4.2 Effect of Zeolite Framework

In the NH3–SCR mechanism, ammonia is firstly adsorbed and activated as NH4
+

ions on the Brønsted acid sites of the zeolite framework. Acidic properties are then
a crucial factor that determines the SCR activity. Since zeolite acidity is affected
by the Si/Al ratio, high Al contents in the framework are favorable to achieve high
NOx conversions. Indeed, the Brønsted acid sites of the zeolite structure originate
from aluminum centers [113, 116]. Besides, it appears that zeolite with small
average pore diameter, as encountered in MFI, MOR, BEA, or FER materials, are
the more active for NH3–SCR reaction. In opposition, molecular sieves having
larger pore size, including Y, USY, or MCM–41 structures, exhibit lower activi-
ties. It is proposed in the literature that the formation of an active complex
[NH4

+
x][NO] (with x = 1, 2) during SCR is facilitated in small pores, without

effect of reactant surface mobility [117, 118]. A second hypothesis to explain the
differences observed with the pore size is the formation of higher concentrations of
3H–NH4

+ compound (NH4
+ bonded to three hydrogen atoms) in small pore size

support [119]. 3H–NH4
+ compound is also reported as an intermediate for the

formation of the active [NH4
+

x][NO] complex during the NH3–SCR reaction. In
addition, the zeolite channels size can also influence the H–bonding with frame-
work oxygen atoms [118]. For instance, FeY and FeMCM–41, with large pore
sizes, show lower activities for NH3–SCR than FeZSM-5.

Nevertheless, it is also proposed that the active sites for the NO SCR by
ammonia over HZSM-5 are highly acidic extra–framework alumina. In opposition,
for NO2 reduction reaction, both framework and extra-framework alumina sites are
suggested to be active sites [120].

On the basis of these results, it appears that the activity of zeolite materials is
associated with two main properties [121]:
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1. A shape selectivity effect, due to the molecular sieving properties associated
with the well defined crystal pore size, in which a part of the catalytic active
sites are located;

2. A strong Brønsted acidity of bridging Si–(OH)–Al sites, generated by the
presence of aluminum inside the silicate framework.

19.4.3 Role of Acidic Sites

The role of the acidic sites was studied by Brandenberger et al. [122] using
different Fe–ZSM-5 samples at equal exchange degree but different Brønsted
acidities. This study reveals that the acidity of the catalyst is not a crucial factor to
achieve high activity for NO SCR with NH3. Brønsted acidity may not be required
for the adsorption or activation of the ammonia molecule, but it is necessary to
bind and disperse the transition metal ions. The form in which ammonia is
adsorbed on the support is consequently not crucial. These observations are con-
firmed by Schwidder et al. [123]. Indeed, high reaction rates for the NH3–SCR can
be achieved with nonacidic catalysts. A promoting effect of acidity is noted for the
catalysts that contain the iron in the most favorable structure (i.e., oligomeric Fe
oxo clusters).

In fact, FTIR characterization of the ZSM-5 acidic properties shows that two
types of hydroxyl groups are mainly detected, giving bands at 3,720 and
3,605 cm-1 [124]. Thermal activation temperature strongly affects acidic prop-
erties. By increasing the temperature, dehydroxylation of the zeolite is observed
above 400 �C. It induces a decrease of the number of Brønsted acid sites, while an
increase in strong Lewis acid sites is observed. The dehydration at high temper-
ature irreversibly removes the more acidic hydroxyl groups. Dealumination of
zeolitic framework is also reported to modify acidity. Ammonia adsorption and
temperature programmed desorption over ZSM-5 (Si/Al = 11.8) are studied in
Ref. [125]. Three different states of chemisorbed ammonia are distinguished,
which show desorption peaks at around 80, 180, and 430 �C. The distribution of
chemisorbed ammonia is also reported to depend on the catalyst pre-treatment or
deactivation. Recently, it was proposed that adsorption of ammonia on Brønsted
acid sites goes through co-adsorption of up to four ammonia molecules on one
active site at low temperatures. In addition, only a fraction of the aluminum
framework is evidenced to be able to bind ammonia as ammonium ion [126].
Consequently, the support can act mainly as a reservoir for ammonia molecules,
which then migrate to the active sites in order to undergo the reaction with NOx.

In a comparative study of the NH3–SCR reactions over a Cu–zeolite and a
Fe–zeolite catalyst, Colombo et al. [127] observed that iron zeolite catalyst stores a
lower amount of strongly bonded ammonia than copper zeolite (Fig. 19.10). In
addition, authors claim a greater activity in the ammonia oxidation reaction for the
copper zeolite, together with a less sensitivity to the NO2/NOx ratio for the DeNOx
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activity. Besides, N2O is detected over Cu–zeolite even with negligible NO2 feed
content, whereas over iron zeolite, N2O formation occurs only in excess of NO2.

19.4.4 Active Sites and Performances of Cu–Zeolite,
Fe–Zeolite, and Other Systems in NH3–SCR

Although the identity and nuclearity of active sites is still in debate, Cu–zeolite
binuclear species are clearly reported as active sites. Nevertheless, it seems that the
nature of the copper active site is strongly influenced by the reaction temperature
and by the properties of the used zeolite. Indeed, over FAU zeolite, [CuOCu]2+

dimer species are proposed to catalyze NH3–SCR reaction at low temperature
(T B 300 �C) [128]. For NO decomposition, Moretti et al. [129, 130] also pro-
posed that the main active sites over ZSM-5 (silica to alumina ratio from 66 to 80)
consist of dimeric Cu species strongly anchored to ‘‘next-nearest-neighbor’’
framework AlO4

- species. On the opposite, Cu2+ is suggested to become active at
higher temperature (T C 350 �C) over NaY [131, 132].

At temperatures below 250 �C, Sjövall et al. [133] observed a beneficial effect
of oxygen on the activity, contrary to higher temperatures. Ammonia slip is also
affected by temperature. For instance, equal amounts of nitrogen oxides and
ammonia are required at 175 �C. In fact, over Cu–ZSM-5 the NOx conversion is
achieved by the reaction between NO2 and adsorbed NH3. At higher temperature,
ammonia oxidation occurs. However, if exposing the catalyst to equimolecular
amounts of NO and NO2 increases the NOx conversion, N2O formation is fur-
thermore observed.

Unfortunately, Cu–ZSM-5 catalyst suffers from thermal and water deactivation
leading to segregation of extra-framework copper ions, and/or to the sintering
of CuO-like species. To improve the durability or the low-temperature activity,

Fig. 19.10 Ammonia TPD
over Cu- and Fe–zeolite:
Q = 71 cm3/min (STP),
H2O = 3 %, O2 = 0 %,
T ramp = 15 K/min. (Solid
line) Cu–zeolite. (Dashed
line) Fe–zeolite [127]
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Seo et al. studied the effect of ZrO2 addition on DeNOx performance of a SCR
Cu–ZSM-5 catalyst [134]. It is reported that incorporation of the appropriate
amount of ZrO2 (2 wt.%) increases the acid strength of acidic sites of catalyst which
improved by 10–20 % the NOx conversion in the 200–300 �C temperature range,
as well as the durability of Cu–ZSM-5 catalyst. Recently Kwak [135] reports that
Cu2+ ion-exchanged SSZ–13 (Cu–SSZ–13 with Chabazite (CHA) structure, con-
taining small radius (3.8 Å) eight-membered ring pores), is more active and
selective in reducing NO with NH3 compared to Cu–ZSM-5 and Cu–beta. For
instance, after hydrothermal treatment at 800 �C for 16 h, Cu–SSZ–13 was found to
show nearly no change in NOx reduction activity, while Cu–ZSM-5 and Cu–Beta
were found to lose NOx reduction activity. In the same time, no significant rear-
rangement of nuclearity of copper active sites, of structural zeolite framework is
observed on Cu–SSZ-13 compare to Cu–ZSM-5 after hydrothermal ageing.

In Fe/ZSM-5 (Fe/Al = 1), EXAFS characterization reveals the presence of
diferric (hydr)oxo-bridged binuclear clusters, located at the ion-exchange positions
of the zeolite, and compensating one or two lattice charges [136, 137]. For Fe/
Al = 0.8, iron is predominantly present as large hematite particles, although a
minor fraction of binuclear species might be present as well [136]. Small FexOy

clusters like Fe4O4, isolated Fe2+ and Fe3+ ions, are also reported as possible active
sites in the literature [138–141]. Besides, electron-deficient ferric oxide nanocl-
usters, isolated iron ions, and possibly oxygen-bridged iron binuclear complexes,
may likewise coexist in Fe/MFI catalysts [142]. Finally, a high exchange level
(M/Al ratio & 1), which can be achieved with the CVD method for instance,
confers activity at low temperature for the material. Additionally, a high metal
content may lead to extra-framework metal oxide clusters, which can exhibit high
activity for NH3 oxidation [141]. In fact, the activity of Fe–ZSM-5 for SCR of NO
by NH3 is suggested to be catalyzed by different iron active species depending on
temperature [143]. At temperatures below 300 �C, the SCR activity was observed
to be primarily caused by monomeric iron sites. At higher temperature
(T = 300–500 �C), the contribution of dimeric iron species, oligomeric species
and partially uncoordinated iron sites become important. Fe–zeolite catalyst can
also be sensitive to the NO/NO2 ratio for NOx removal via ammonia SCR [144].
The SCR efficiency was greatly enhanced when using pure NO2.

Other catalytic systems are also studied for the abatement of NOx by reaction
with ammonia, namely vanadium oxide—titania based samples or transition metal
oxide—based materials. On these catalysts, ammonia is activated by coordination
over Lewis acid sites, and can react with NO from the gas phase or weakly
adsorbed NO [102]. Over V2O5–WO3(MoO3)/TiO2 materials, new relevant
contributions appeared in the literature, in particular concerning the reaction
mechanism and the role of preoxidation of NO to NO2. Coordinated ammonia
would be oxidized to amide species, which later reacts with NO to form adsorbed
nitrosamide species. Nitrosamide species decomposes into nitrogen and water,
while oxygen reoxidizes the catalyst surface [96]. Unfortunately, these catalytic
systems remain poorly active at low temperature, and temperature higher than
350 �C is needed to achieve high NOx abatement. In order to increase the low
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temperature activity, new formulations based on transition metal oxides are
proposed. For instance, Mn and Fe oxides supported on titania and alumina are
active in NH3–SCR at low temperature (150–250 �C) [145]. However, the main
drawback of these catalysts is the limited selectivity of the NOx conversion into
N2, with significant production of N2O. In addition, vanadia-based catalysts are not
suitable for high temperature application as it can be the case in automotive
exhaust pipe. Indeed, the sublimation of V2O5 occurs from 650 �C [113, 118].
Then, new catalytic systems having high efficiency at low temperature, thermally
stable up to 800 �C, and with a limited impact of the NO2/NOx ratio on the
activity, are developed. Amongst these new emerging SCR catalytic systems,
acidic zirconia mixed-oxides are described as attractive alternatives [146]. For
instance, 50 % NO conversion was attained at 250 �C for the standard SCR
process. By applying the ‘‘fast’’ SCR conditions (NO2/NOx = 50 %), 97 % of
NOx were reduced to N2 at only 200 �C [147]. The promotion of acidic zirconia
by ceria also increases the NOx conversion, the selectivity to N2 and the catalyst
durability. These results show that modified acidic zirconia oxides are attractive
materials for Diesel after treatment systems [146]. However, Fe or Cu exchanged
zeolites, which exhibit high reactivity toward the NOx SCR by NH3, are the more
quoted materials for a coupling with a NSR catalyst.

19.5 Conclusion and Perspective

The combination of NOx trapping materials with NH3–SCR catalysts for the NOx
treatment from mobile lean-burn engines has been reported. Particular attention
has been paid in the mechanism of ammonia emission and reactivity toward NOx
abatement in NSR process. For the first point, two reaction paths are proposed in
the literature. In the presence of hydrogen during the rich pulses of the LNT
regeneration, ammonia can be formed by direct reaction with the previously stored
NOx. When CO is use as the reductant agent, water-assisted reaction, by hydro-
lysis of intermediate isocyanate species, is suggested. In the presence of water and
carbon dioxide in the gas mixture, both reaction pathways co-exist due to direct
and reverse water gas shift reaction. Ammonia is thereafter involved in the NOx
reduction mechanism, by a sequential route in which NH3 reacts faster with NOx
to yield N2 compared with its own formation rate. It is found that both the nature
and the content of the basic element as well as the redox properties of the support
interfere in NH3 yield.

Ammonia may likewise be used as reductant for selective catalytic reduction of
NOx species. For this application, metal-exchanged zeolite catalysts offer new
opportunities to reduce NOx emissions from lean-burn engine via the NH3–SCR
process. Iron-exchanged ZSM-5 has received much attention because of its
promising activity and stability in the NH3–SCR process. Correlating catalytic
activities with the concentration of mononuclear and binuclear Fe species shows
that both types of Fe ions and even small metal clusters are active sites for SCR,
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but that isolated species are more active. The topology of the zeolite is also an
important factor, as well as its stability under hydrothermal conditions. A high
exchange level (M/Al ratio & 1) seems to be proscribed creating extra-framework
metal oxide clusters, which can be highly active for NH3 oxidation.

The coupling between a NOx-trap catalyst and a NH3–SCR material located
downstream the first one or in a double layer on the monolith, was firstly patented
by Ford in 2004. In other recent studies, two main SCR catalysts are usually
associated in such system, namely Cu–ZSM-5 and Fe–ZSM-5 catalysts. For
instance, it is reported that using Cu–ZSM-5 material, about 15–50 % of sup-
plementary NOx conversion can be achieved, depending on the working condi-
tions. Whatever the zeolite used, higher performances are reported with H2 as
reductants, since it enhances NH3 formation in the first NSR catalytic bed.
Physical mixture of NSR and SCR catalysts gives better performances than dual
bed system. It is concluded that a close proximity of both materials was required
for a better use of ammonia produced during the rich pulses.

Furthermore, in almost every case of lean-burn engine after-treatment imple-
mentation in the USA and Europe, a Diesel particulate filter (DPF) is required. The
NSR ? SCR system must be compatible with the DPF working mode. Filter
regeneration induces severe exotherms (900–1000 �C) which expose NSR ? SCR
catalysts to harsh environment. To maintain the durability of this coupled system,
the catalysts must exhibit high thermal stability. As a consequence, usual vanadia-
based oxides SCR catalysts are not suitable. The stability of metal-exchanged
zeolite has to be improved to prevent potential metal migration, or sulfur poi-
soning. A way is metal-exchanged in small-pore zeolites which shown to be much
more hydrothermally stable than the medium-pore zeolite. New acidic zirconia-
based oxides seem also attractive for this application.

Finally, the literature essentially focuses on the association of NSR catalyst
with usual NH3–SCR samples. However, in this coupled NSR ? SCR system,
ammonia is not directly injected in the feed gas, but produced during the regen-
eration step of the NSR process. The additional NOx reduction occurs during the
lean phases (in O2 excess) between NOx from gas phase and stored ammonia. It
makes a prominent difference with the usual NH3–SCR technology. The devel-
opment of specific SCR catalyst is desirable in a near future to achieved DeNOx
efficiency and nitrogen yield even higher.
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Chapter 20
Integration of SCR Functionality
into Diesel Particulate Filters

Thorsten Boger

Notation

As Parameter
cp Heat capacity
dc Collector diameter
dh Hydraulic diameter
dPore Pore diameter
ds Soot particle diameter
DBM Diffusion coefficient Brownian motion
f0 Friction factor
h Heat transfer coefficient
k Mass transfer coefficient
Lch Channel length
LW Effective wall thickness
p Pressure
Pe Peclet number
Q Cumulative heat of reactions
Rj Source term for reactions involving species j
t Time
T Temperature
u Velocity
y Volume or mole fraction
X Soot load or concentration
e Porosity
es Void fraction of soot deposit
g Viscosity
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gBM Unit collector efficiency Brownian motion
gInt Unit collector efficiency interception
k Mean free path
j Permeability
q Density
f Constant

20.1 Introduction

Most modern diesel engine aftertreatment systems comprise functions to oxidize
hydrocarbons and CO, reduce particulate emissions (mass and number), and
reduce NOx enabling compliance with ever tightening regulations. A typical
system layout based on SCR as a means to reduce NOx is shown in Fig. 20.1a.
A diesel oxidation catalyst (DOC) is followed by a catalyzed soot filter (CSF) and
the SCR catalyst. In most advanced systems targeting high NOx conversion rates,
an ammonia slip catalyst is installed post SCR catalyst. The system shown in
Fig. 20.1a is representative of the majority of medium and heavy-duty systems
designed to meet EPA 2010 and EU VI regulations as well as for heavier diesel
passenger cars [1–5]. In some cases the SCR catalyst is installed upstream of the
DPF [6]. For heavier passenger cars certified for advanced regulations similar
system configurations with SCR are common, while lighter vehicles use in most
cases either engine-based approaches or lean NOx trap technologies, or combi-
nations thereof. In all systems, the DOC provides primarily for oxidation of HC
and CO as well as oxidation of NO to NO2 to facilitate the low temperature,
passive oxidation of soot in the DPF as well as to accelerate the SCR reactions.
The DPF is reducing the particulate emissions in mass and number. In most cases,
the DPF is coated with a light oxidation function to promote the oxidation of CO to
CO2 during active regenerations as well as to provide for additional NO to NO2

oxidation, enhancing the passive regeneration of soot by NO2 [7, 8] and enabling
more favorable NO/NO2 ratios for the downstream SCR component. The SCR
catalyst reduces NOx emissions using ammonia as reducing agent, typically
derived from urea. Due to the potential of high temperatures post DPF, originating
primarily from uncontrolled soot regenerations, zeolite-based SCR catalysts are
often used in this configuration.

Although the configuration shown in Fig. 20.1a has proven to provide good
functionality, there long has been a desire to combine some of the aftertreatment
functionalities into fewer, multifunctional components. Integration of the SCR
function or at least part of it into the DPF, as shown in Fig. 20.1b, is one such
example. This desire for integration of SCR functionality is driven by several
factors. One common theme is the objective of reducing the total packaging
volume consumed by aftertreatment components, which has been growing sig-
nificantly since the introduction of EU 4/IV and EPA 2007 regulations. Another
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driver of significance, especially considering future light-duty regulations and
engines with lower exhaust temperatures, is the need to move the SCR components
closer to the engine enabling higher operating temperatures and deNOx efficien-
cies. An example demonstrating this benefit is shown in Fig. 20.2 [9]. In this
example, the conventional system allows for urea dosing and deNOx not until the
very end of the emission cycle. The system with the SCR catalyst integrated into
the close coupled filter, on the other hand, enables urea dosing already fairly early
in the cycle, providing for significantly higher deNOx efficiencies.

As common with all components that are designed to provide multiple func-
tionalities we need to understand the trade-offs and compromises that have to be
made to enable an optimized component and system. Objective of this contribution
is to provide some of the basic considerations and fundamentals relevant to the
combination of SCR catalysis and soot filtration. Since the general catalysis and
function of the SCR catalyst is similar to the use in flow-through systems described
in separate chapters of this book, the focus of this chapter will be on phenomena

Fig. 20.1 Examples of diesel aftertreatment systems. a Conventional DOC-CSF-SCR system;
b System with SCR integration into DPF
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Fig. 20.2 Comparison of NOx emissions and SCR temperatures for a light-duty diesel
application with (left) a CSF ? SCR and (right) SCR integrated DPF system [9]

20 Integration of SCR Functionality into Diesel Particulate Filters 625



that are introduced by the use of a particulate filter as substrate for the SCR
catalyst. Examples of such phenomena are the impact of the accumulated soot and
ash on the SCR reactions and vice versa, the pressure drop behavior of coated
filters, the differences in the thermal robustness requirements compared to flow-
through catalysts and, last but not least, the reduction of particulate emissions via
filtration as additional emission relevant functionality of the integrated component.

20.2 Diesel Particulate Filter Technologies

Although diesel particulate filters (DPF) were first introduced in the 1980s, their
widespread use started with the first introductions in some EU4 passenger cars in
the early 2000s time frame, i.e., [10–13], followed by the introduction for heavy-
duty systems in compliance with US EPA 2007 regulations, i.e., [14, 15]. Since the
introduction of the EU5 regulation, DPFs have essentially become the standard in
all light-duty applications designed to meet this regulation. For heavy duty, DPFs
are used in most systems certified to meet US EPA 2007 and 2010 regulations. The
introduction of the new EUVI heavy-duty standard is expected to lead to the same
result, with DPFs being installed on all engines certified to this regulation. In the
non-road sector, we currently find a mix of systems relying entirely on DOC and
SCR as well as systems that use a DPF as well [16].

In the following sections particulate filter technologies will be discussed in
general and with respect to the unique needs for SCR integration. Since coating
technologies for filters are somewhat different from those used for flow-through
substrates and have a significant impact on the performance of the composite filter-
catalyst component, some general discussion will be dedicated to this topic as
well.

20.2.1 Diesel Particulate Filter Designs and Materials

Although a number of designs have been proposed over the years the dominating
filter design used by the majority of applications is the wall-flow filter shown
schematically in Fig. 20.3. The filter is made of an extruded honeycomb structure
with walls made of a porous refractory ceramic. The channels are plugged in a
checkerboard pattern at alternate ends. This results in a pattern that force the
exhaust flow from the inlet channels, through the porous walls into the outlet
channels. On the path through the porous wall particulates are removed by
filtration.

Different refractory ceramics are used for the filter matrix. Most common are
cordierite-, aluminum titanate-, and silicon carbide-based products [15, 17–21].
Typical physical properties for these materials are provided in Table 20.1. All
materials can withstand very high temperatures. Key differences between these
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materials are (1) the thermal expansion, which is very low for the two oxides,
cordierite and aluminum titanate, (2) the thermal conductivity, which is low for the
oxides and higher for SiC and (3) the elastic modulus, which is low for the oxides
providing robustness under thermal gradients.

In general, similar processes are used to manufacture the different filter tech-
nologies. The raw materials are batched and adjusted for their rheological prop-
erties enabling extrusion of the honeycomb matrix. This is followed by drying and
high temperature firing. Materials such as cordierite and aluminum titanate are
available in extruded, monolithic shapes up to very large diameters, enabled by
their low thermal expansion and ability to withstand thermal stresses. SiC products
have higher thermal expansion and require the use of segmenting techniques in
which small extrudates are assembled, cemented, and contoured into the final filter
product. In the final filter product, these segment seams typically reduce the
available volume and area for filtration by *5–8 % compared to a monolithic
design. Another process step required for all materials is the plugging of the
alternate channels.

Depending on the specific application, filter products with different levels of
porosity and pore size are available. Porosities in the range of 40 % to roughly

Fig. 20.3 Wall-flow diesel
particulate filter design

Table 20.1 Physical properties of common diesel particulate filter materials [18]

Aluminum titanate
composition

Cordierite
composition

Silicon
carbide

Intrinsic material density, g/cm3 3.40 2.51 3.24
Specific intrinsic heat capacity, J/(g K) (500 �C) 1.06 1.11 1.12
Volumetric heat capacitya; J/(cm3K) (500 �C) 3.60 2.79 3.63
Coefficient of thermal expansion; 10-7/ �C *10b *6c *45b

Thermal conductivity; W/mK (500 �C) *1 *1 *12
a Based on the material. Does not include porosity
b Measured between 25 and 1000 �C
c Measured between 25 and 800 �C
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65 % are currently used for diesel particulate filters. As will be discussed later,
most favorable for SCR integrated filter applications are filters with high porosity
of 55 % or more. Figure 20.4 shows examples of SEM images taken from high
porosity cordierite and aluminum titanate filter samples. An important feature that
can be seen from these images is the excellent connectivity of the pores.

The pore size of diesel particulate filters is significantly larger compared to
substrates used for flow-through catalysts. Most common are mean pore sizes in
the range of 10–25 lm, compared to 2–5 lm for common flow-through substrates.
The choice of pore size is determined by the trade-off between filtration and
pressure drop. With respect to filtration, smaller pore sizes enable higher filtration
efficiencies. This has to be balanced by the negative effect of small pore sizes on
the wall permeability and ease of washcoating. Filters designed for integrated SCR
applications typically have mean pore sizes in the medium to upper end of the
given range (15–25 lm), mostly driven by the challenge to achieve high catalyst
loads.

With respect to the cell design, square cells dominate. Common cell densities
are between 200 and 350 cpsi, with the 200 cpsi dominating in heavy duty and the
300–350 cpsi dominating light-duty applications. The difference in cell density is
primarily determined by the anticipated soot load in use, with higher cell densities
being favorable if higher soot loads are anticipated.

The web thickness of filters is typically in the range of 8–18 mils (1 mil = 1/
1000 inch or 25.4 lm), with 10–13 mil being most common. Especially in light-
duty applications, filters with asymmetric cell design for increased specific ash
storage have become widely used [22]. In these filters the cross-section of the inlet
channels is increased by moving the cell webs toward the outlet channels. An
example of a filter with such an asymmetric design is shown in Fig. 20.5 in
comparison to a standard cell design filter. Various commercialized designs with
asymmetric cell structures are available, e.g., ACT� (asymmetric cell technology),
Octosquare, etc.

Fig. 20.4 SEM of honeycomb wall of high porosity cordierite (left) and aluminum titanate filters
(right)
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20.2.2 Catalyst Coatings for Diesel Particulate Filters

In flow-through catalysts the active phase is typically coated onto the geometric
surface area of the ceramic substrate material in form of a washcoat layer. An
example is shown in Fig. 20.6(left). The substrates used to facilitate this approach
typically have low porosity of *25–35 % and small pores of 2–5 lm. Flow is
along the channels, low pressure drop, good mass transfer and catalyst perfor-
mance is achieved by optimizing the web thickness, cell density, and coating layer
thickness [23].

In filter applications the exhaust flow is from the inlet to the outlet channels across
the filter walls, enabling effective filtration of particulates. This key difference in flow
leads to different preferences with respect to the deposition and location of the
catalyst coating. It has been observed that due to the small size of catalyst particles
(e.g., zeolite crystals), being typically in the range of B1–5 lm, an on-wall coated
catalyst layer deposited analogous to flow-through substrates can have very low
permeability, resulting in high pressure drop. It is therefore more favorable to deposit
the catalyst uniformly within the porous wall space, utilizing so-called in-wall
coating technologies. To enable reasonable catalyst loadings with this method the
above-mentioned high porosity filter technologies are used for SCR applications. An
example of a zeolite coated filter is shown in Fig. 20.6(right).

From a high level, methods for coating filters are comparable to substrates.
First, a slurry is prepared with the catalyst particles dispersed. The coating step can
be done by immersion, waterfall, or vacuum assisted methods. Since the coating is
done on plugged filters, requiring the slurries to flow from one channel to the
corresponding opposite channel the properties of the slurries have to be adjusted,
to facilitate the penetration of the slurry into the wall and prevent on-wall depo-
sition. Examples of important parameters used to adjust the slurry properties are
the solids load, the particle size, and the pH. The differences between open flow-
through substrates and plugged filters also need to be considered during the blow

Fig. 20.5 Picture of a diesel particulate filter with standard (left) and asymmetric (right) cell
design
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out step, during which excess slurry is removed. Final process steps are drying and
calcining.

Comparing the maximum catalyst loadings on filters versus flow-through
substrates, we find that filters are typically limited to about 65–85 % of what could
be applied to a substrate, depending on the filter and coating technology. While for
substrates the limit is usually determined by the adhesion of a thick layer of
washcoat and the catalyst utilization, for filters it is primarily the available pore
space for in-wall coatings and the associated increase in pressure drop when high
washcoat loadings are applied. The latter effect will be further discussed in the
next section.

20.3 Performance Considerations for SCR Integrated
Diesel Particulate Filters

The performance of SCR integrated filters is characterized by the deNOx per-
formance, analogous to catalysts based on flow-through substrates, combined with
the additional requirements for the filter component, such as pressure drop, fil-
tration, and thermal robustness under regeneration conditions. In addition, we have
to consider the presence of soot and ash within the component and their influence
on all the performance aspects including the reactions. In the following sections,
each of these characteristics will be discussed in terms of basic fundamentals and
design aspects.

20.3.1 Pressure Drop and Permeability

The pressure drop of a filter is an application critical parameter of significant
practical relevance, impacting engine power and fuel consumption. In this section,

Fig. 20.6 Picture of an on-wall coated flow-through substrate (left) and an in-wall coated filter
(right). Zeolite catalyst: gray; substrate/filter material: white; open pores: black
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a brief description of the most relevant factors will be provided. There is a rich
literature describing the modeling of the pressure drop of particulate filters in more
detail. Examples are Refs. [24–26] and references therein.

The pressure drop of particulate filters is composed of five primary contribu-
tions, shown in Fig. 20.7. The inlet and outlet effects, shown as (1) and (5) in
Fig. 20.7, are due to the contraction and acceleration as the gas enters the inlet
channels and the expansion and deceleration of the gas as it exits the channels,
respectively. Compared to flow-through substrates where inlet and outlet effects
typically are less than 10 % of the total pressure loss, these pressure losses are
larger in case of filters since only one half of the channels is open on each end. In
addition, the open frontal area of filter honeycombs is often lower. For clean filters
inlet and outlet effects can contribute as much as 30–40 % of the total pressure
drop, especially at high flow rates. The turbulent entrance effects as result of the
developing flow inside channels is typically lumped into these contributions. The
inlet and outlet contributions are described by terms proportional to the kinetic
energy, with the proportionality constant fj.

Dpi=o
j ¼ fj � qj � ui=o

j

� �2

The index j represents filter inlet or outlet, and i/o indicates the condition at the
inlet or outlet of the filter. Correlations for f are empirical and typically include the
open frontal area as variable. Examples are provided in Refs. [27, 28]. In general
the outlet effects roughly are two times larger than the inlet effects.

For the frictional losses along the inlet and outlet channels (Fig. 20.7, index 2
and 4) existence of a laminar flow profile is generally assumed within the channels.
The pressure drop along the channels can therefore be described analogous to
flow-through substrates.

Fig. 20.7 Pressure drop contributions in wall-flow particulate filters
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Dpch
j ¼ 2 � f0 � g �

Lch

d2
h

� uch;eff
j

The index j again represents the inlet and outlet channels. g, Lch, and dh rep-
resent the viscosity, effective channel length, and hydraulic diameter, respectively.
The friction factor f0 is equal to 14.2 for a square channel. With respect to the
velocity to be used it has to be considered that at the inlet side (region of inlet
plugs), all the flow is in the inlet channels, whereas the opposite is true on the
outlet side (region of outlet plugs), with all the gas flow exiting via the outlet
channels. Hence, the local flow rate in the inlet and outlet channels varies along the

length, which has to be considered in the choice for uch;eff
j . To illustrate this,

examples for the simulated axial velocity profiles in the inlet and outlet channel as
well as across the filter wall are shown in Fig. 20.8. The different lines represent
the velocity profiles at different time steps during a soot loading process. Initially
no soot is present and the wall permeability is high. The resulting axial velocity
profiles are nonlinear. As soot is accumulated the effective wall permeability is
reduced and the resistance across the wall and soot layer starts to dominate. This
yields to an almost uniform wall-flow velocity and linear velocity profiles along
the inlet and outlet channels.

The last contribution to pressure drop comes from the resistance to flow across
the filter wall (index 3 in Fig. 20.7), from the inlet to the outlet channels. It is
worth noting that this is the only contribution which is determined by the porous
microstructure of the filter. In general the pressure drop across the wall can be
described by Darcy’s law.

Dpw ¼ g � DLw

j

� �
eff

�uw

with DLw as effective thickness, j as permeability, and uw as wall-flow velocity. It
should be mentioned that in some references a second-order term (Forchheimer
term) is considered as well. However, under most practical terms this term is small
and can be neglected. The permeability of a clean wall is in general a function of
the porosity, the pore size distribution, and the general morphology of the porous
wall, considering for example the connectivity of the pore network. The simplest
approaches to estimate the permeability are based on correlations utilizing the
porosity and mean pore size only, as described for example in [29, 30].

jw ¼
3

200
� e � d̂2

pore

Here, jw is the wall permeability, e the porosity and d̂pore the mean pore
diameter. These correlations can provide reasonable estimates for the permeability
of clean, uncoated filter walls. Typical permeabilities are in the range of
jw = 1–6 9 10-12 m2. Coating of the porous filter wall with a catalyst changes
the microstructure. The catalyst particles consume some of the pore space and
change the effective microstructure. In addition, since the coating process has
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some directionality the use of bulk properties is less effective. In general, we
observe a decrease in clean permeability that can often be described empirically by
a power law or exponential function. A useful variable capturing the effect of
coating in such a correlation is the ratio between the volume of the coating applied
and the total pore volume available. This does, however, require the knowledge of
the washcoat packing density, which is not easily accessible. In Fig. 20.9 are
examples for the pressure drop and permeability as function of washcoat loading
for two different filter designs. Both have the same microstructure and comparable
web thickness, but Design 1 has a higher cell density than Design 2. For both
designs we can distinguish two distinct regions. For low washcoat loadings the
pressure drop is independent of the washcoat loading. In this region the perme-
ability is high enough that the resistance to flow across the wall is not limiting; the
microstructure has no significant impact on the pressure drop. The pressure drop
observed is determined primarily by the filter geometry and design, as can be seen
by comparing the two designs. At higher washcoat loadings, the pressure drop
increases corresponding to the decrease in permeability. In this range we also
observe that the Design 2, favorable for lower washcoat loadings, shows higher
sensitivity and beyond a certain loading level even exceeds the pressure drop of
Design 1. This is explained by lower washcoat capacity and surface area of this
design.

The collection and deposition of soot also changes the permeability of the filter
wall and can lead to a significant increase in pressure drop. Examples are shown in
Fig. 20.10. Here, we have to distinguish between the effect of soot deposited inside
the porous microstructure (deep bed filtration) and soot deposited onto the channel

Fig. 20.8 Axial channel flow velocity (left) and wall-flow velocity (right) distribution at
different time steps during soot loading of an initially clean DPF under steady-state flow
conditions. The progression in time t is indicated by arrows
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walls in form of a soot layer or soot cake. Soot deposited inside the microstructure
can significantly reduce the wall permeability. Figure 20.11 illustrates this process
showing how soot is deposited and accumulated in a synthetic microstructure,
resulting in a decrease in effective permeability. This effect is observed already at
low soot loads and is the result of the change in effective microstructure due to the
deposition of soot combined with high local velocities inside the pore structure (for
example, at pore necks, see Fig. 20.11). The latter amplify the effect of areas with
increased resistance to flow. Advanced filter technologies with highly engineered
microstructures address this effect and minimize the negative impact of soot
deposited inside the microstructure. The effect of catalyst coating on the clean
permeability was described above.

The effect of washcoating on the soot-loaded permeability can be even more
significant. This can be seen from the comparison of the examples shown in
Fig. 20.10. The difference in clean pressure drop is significantly smaller than the

Fig. 20.9 Examples for the
pressure drop and
permeability of wall-flow
particulate filter as function
of the washcoat load. Data
are for filters with two
different cell designs

Fig. 20.10 Examples for the
pressure drop of wall-flow
particulate filter as function
of the soot load. Lab pressure
drop on 20 0 samples with
Printex U soot. Filter with Fe-
ZSM-5 model coating
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difference in soot-loaded pressure drop. One explanation for this is that catalyst
particles can deposit in the area of pore necks further restricting the flow.

Once a soot cake has formed on the wall surface, the further change in effective
permeability of the wall/soot composite is determined to a large extent by growth
of the low permeability soot layer. The soot permeability can be reasonably well
described using the correlations provided for example in Refs. [29, 31, 32], with
the Happel correlation being one example:

js;0 ¼
3� 9

2 � 1� esð Þ1=3þ 9
2 � 1� esð Þ5=3�3 � 1� esð Þ2

18 � 1� esð Þ � 3þ 2 � 1� esð Þ5=3
� � � d2

s

This correlation should be combined with the Stokes–Cunningham correction,
which considers slip as continuum laws for drag breakdown for very small par-
ticles under certain operating conditions.

js ¼ js;0 � 1þ 2 � k
ds

� 1:257þ 0:4 � exp �1:1 � ds

2 � k

� �� �� �

In these correlations, es is the void fraction of the soot deposit, ds the soot
particle size, and k the mean free path of the fluid. Soot deposits are typically very
low in density (50–150 g/l), equivalent to soot void fractions of *92–98 %, and
have particles with an electrical mobility diameter in the range of 50–150 nm. As a
result, the permeability of the soot layer is in the range of 10-14 m2, more than two
orders of magnitudes lower than the permeability of a clean wall.

Another parameter that needs to be considered with respect to pressure drop is
the effect of ash. Particulate filters not only remove soot particles from the exhaust
but also inorganic ash particles. These inorganic ash particles cannot be removed

Fig. 20.11 Accumulation of soot inside the microstructure (left) and effect on permeability
(right). Simulation results for a synthetic 2D microstructure with 64 % porosity and 18 lm mean
pore size
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during thermal regeneration but continue to accumulate over life. As a result, the
volume and surface area available in the inlet channels decreases and the pressure
drop increases. This has to be considered during the design and sizing of the filter.
More details related to this consideration can be found for example in Refs. [28, 33].

To summarize the above details on pressure drop, the following generic design
guidance may be used for SCR integration into a filter. With respect to cell design
higher cell densities provide for larger filtration areas and lower wall-flow
velocities. This can be beneficial for high soot loads or filters with very low coated
permeability, but comes at the penalty of higher frictional losses in the absence of
soot or low coating levels. With respect to the web thickness, thinner is in most
cases favorable, but one has to ensure sufficient total pore volume for the catalyst
coating (with the total pore volume being the product of porosity and wall vol-
ume). In addition, the mechanical strength of the filter component is a strong
function of the web thickness. For the microstructure, higher porosities and larger
pore sizes are favorable for higher permeabilities and coating capacity. This has to
be traded off with the effect these variables have on mechanical strength, thermal
robustness, and filtration.

20.3.2 Filtration

Intrinsically, the removal of particles is the primary emission functionality of the
filter component. Particles found in diesel exhaust are typically in the range of
30–150 nm (described by their electrical mobility diameter). The filtration of these
very small particles occurs based on different mechanisms. The most relevant ones
are deposition due to Brownian motion, interception, and, to a lesser extent, inertia
effects. This is shown schematically in Fig. 20.12. The filtration based on
Brownian motion is related to the random movement or diffusion of small particles
relative to the fluid stream lines. Once a particle gets close enough to a solid
surface it can deposit and is removed from the fluid stream. Interception occurs
when a particle’s trajectory passes within one particle radius of the collecting
body. In such a case, the particle traveling along that stream line gets in contact
with the body and may be collected there. Deposition as a result of inertia is
relevant for large, heavy particles only, which do not follow the fluid steam lines.
In Fig. 20.13 an example is provided, showing the filtration efficiency as function
of the particle size. The ‘‘V-shape’’ of the filtration efficiency curve with very high
efficiencies for very small and very large particles is due to the transition between
the different collection mechanisms. Very small particles are collected with high
efficiency as a result of their significant Brownian motion. This effect decreases as
the particles become larger. Very large particles are collected due to their inertia
or, more relevant, as a result of them intercepting with the filter media. The
efficiency of these mechanisms decreases as they become smaller. In the inter-
mediate range typically between 80 and 200 nm, a minimum in filtration efficiency
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is observed, resulting from the transition between the mechanisms. In the fol-
lowing paragraphs only brief descriptions of the physics describing these mech-
anisms will be provided. More exhaustive information can be found for example in
[29–32, 34, 35] and the references therein.

Most models represent the porous filter wall as assemblage of unit collectors,
onto which the soot particles are deposited. The size and number of the unit
collectors can be derived from the mean pore size and porosity, for example, by
assuming spherical shape.

dc ¼
3
2
� 1� e

e
� d̂Pore

For these unit collectors the efficiency can be determined using established
correlations, as given for example in [29–32, 34, 35]. For Brownian motion the
unit collector efficiency gBM can be described by [35]

Fig. 20.12 Filtration mechanisms relevant for diesel particulate filters

Fig. 20.13 Filtration
efficiency as function of the
particle size
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gBM ¼ 4 � A1=3
s

Pe2=3
i

� 1� eð Þ2=3

With As being a parameter [35], primarily dependent on the porosity e and Pei

being the Peclet number. The Peclet number is proportional to the fluid velocity
and the ratio between collector diameter dc and diffusion coefficient for Brownian
motion DBM.

Pei ¼
uw

e
� dc

DBM;i

The particle size and temperature dependence of this collection mechanism is
introduced via the Brownian diffusion coefficient, DBM * (T/ds

2).
The collection of particles by interception can be described by [35]

gInt ¼ 1:5 � N2
r

g eð Þ½ �3

1þ Nrð Þs

where g eð Þand the power s are functions of the porosity and Nr = ds/dc, providing
the dependence on soot particle and collector size. Examples for how the clean
filtration efficiency changes with pore size and porosity are shown in Fig. 20.14 for
some reference conditions. The strong effect of the pore size can be seen as well as
the counterintuitive effect of porosity, which is based on the increase in residence
time for the particles within the wall. To assess the sensitivity of other filter design
parameters such as web thickness, cell density, size, etc., on the clean filtration
efficiency a simple characteristic parameter has been introduced in [36].

As soot is accumulated within the porous filter (see also Fig. 20.11), the fil-
tration efficiency increases [30, 34–36]. The soot accumulated acts as a very
efficient filtration medium due to its very small collector size and the fact that it is
deposited in the areas of flow through the porous wall. Filtration efficiencies close
to 100 % across the entire size spectrum are reached at very low soot loads. This is
of significant practical relevance since in use a diesel particulate filter is rarely free
of soot.

The effect of catalyst coating on filtration efficiency is not easy to generalize
and depends on the type of coating applied, the uniformity, as well as the washcoat
loading. An effect often observed in laboratory experiments with filters having
high washcoat loadings as common for SCR integration is shown schematically in
Fig. 20.15. The initial or clean filtration efficiency decreases as washcoat is added
(Fig. 20.15b). This is explained by the shorter residence time within the partially
filled pore space and more flow being directed through larger pores, which remain
less filled with coating. The evolution of filtration as soot is loaded, on the other
hand, is accelerated and very high filtration efficiencies are observed already at
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significantly lower soot loads (Fig. 20.15c). This is explained by the reduced pore
volume that needs to be filled by soot to form an effective soot cake. With respect
to practical applications, where commonly some soot is present, this can result in
an observed improvement in filtration efficiency with coating, especially when
significant quantities of SCR catalyst are applied.

Fig. 20.14 Filtration efficiency as function of the mean pore size (left) and porosity (right). Note
particle size is shown as electrical mobility diameter

Fig. 20.15 Effect of washcoat loading on the filtration behavior. a FE versus soot load; b effect
of washcoat on clean FE relative to uncoated; c effect of washcoat on soot load to reach 98 % FE
relative to uncoated. Note Testing done at high space velocity to amplify effect
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20.3.3 Filter Regeneration, Thermal Management,
and Durability

As described above, the accumulation of soot within the filter results in an increase
in backpressure. This has negative impact on the power available and the fuel
economy. To maintain the filter pressure drop within certain acceptable limits the
soot has to be oxidized, which is commonly described as regenerating the filter.
The interval after which the filter has to be regenerated is determined by the rate at
which soot is accumulated and the maximum soot load that can be tolerated. For
typical EU5 passenger cars the regeneration interval is typically in the range of
250–1500 km, depending on the engine raw emissions and the operating profile.
City driving generally results in shorter intervals while highway driving enables
longer intervals. Oxidation of soot is typically achieved by using either oxygen or
nitrogen dioxide as oxidant [37–41].

Cþ 1
2

O2 ! CO ðR1Þ

Cþ O2 ! CO2 ðR2Þ

Cþ NO2 ! COþ NO ðR3Þ

Cþ NO2 þ
1
2

O2 ! CO2 þ NO ðR4Þ

Cþ 2NO2 ! CO2 þ 2NO ðR5Þ

While oxygen is abundantly available, the temperatures required to achieve
appreciable reaction rates are[550 �C and rarely achieved under typical operation
of diesel engines in light-duty and heavy-duty vehicles. Active measures are
required to elevate the exhaust temperature to an appropriate level and this process
is therefore called active regeneration. Examples for such measures applied to the
engine controls are changes to the fuel injection timing, addition of late injections,
intake air throttling, increase in load, etc. [42–45]. Typical duration of an active
regeneration is 10–20 min, depending on the driving profile and conditions
(transients, flow rate, temperature, etc.). Different approaches are used to monitor
the accumulated soot mass and initiate active regenerations periodically. Examples
of such monitoring and control strategies are provided in [42, 46–49]. Both open as
well as closed loop methods are used. Open loop methods are either based on
simple distance or time triggers or more advanced models, considering the engine-
out soot emissions as function of the engine operation as well as the simultaneous
oxidation of soot. Due to the lack of direct sensors, most closed loop strategies are
based on a pressure drop measurement across the particulate filter. The signal
combined with the calibrated correlation between pressure drop and soot load is
then used to estimate the actual quantity of soot. In all cases an active regeneration
request is triggered once a target soot load is observed.
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Typical exhaust gas temperatures during active regenerations are in the range of
550–650 �C, with most advanced strategies using lower temperatures during the
initial phase of the regeneration and higher temperatures toward the end, i.e.,
[42, 45]. Such a staged or phased approach is essential to manage the heat release
under the highly transient operating conditions observed on a vehicle. An example
of a critical condition that can be observed is the case where a regeneration is just
initiated, the soot oxidation has started, and then the engine changes to an idle
operating mode. During engine idling, the exhaust flow rate is very low and the
exhaust contains very high levels of oxygen. The abundance of oxygen results in
the continuation of the soot oxidation, yet the low flow rate is insufficient to
convectively remove the heat released [45]. As a result, the temperature within the
filter can increase significantly. Examples of such a worst-case regeneration are
shown in Fig. 20.16. The left diagram shows the transient evolution in local
temperatures along the centerline of the filter, showing the rapid increase after the
engine changed to an idle condition (t = 0 s). The right diagram shows examples
for the dependence of the maximum temperature on the initial soot load as well as
the exhaust (regeneration) temperature at start of the regeneration, before the
change to engine idle. It should be mentioned that the temperatures observed are
highly dependent on the conditions and the data shown are just examples for one
set of parameters.

One important difference between typical DPF systems with oxidation catalyst
coatings (containing Pt, Pd) and integrated SCR catalyst coatings is shown in
Fig. 20.17 [9]. The heat release observed during a worst-case regeneration at a
given soot load and condition is significantly higher for the oxidation coatings
compared to integrated SCR technologies. This is a result of the effective catalysis
of the oxidation of any CO formed during the soot oxidation (reaction R1 above).
SCR catalysts show a significantly lower activity for such a CO oxidation and a

Fig. 20.16 Example of temperatures within an oxidation catalyst (Pt/Pd) coated DPF during a
worst-case regeneration. Left temperatures at different axial locations; right maximum
temperature as function of initial soot load and regeneration temperature
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significant fraction of the soot remains partially oxidized to CO, releasing less heat
per mass of soot burned.

The oxidation of soot by NO2 mentioned above occurs already at much lower
temperatures of 300–550 �C, a range that can be observed during normal operation
especially for heavy-duty applications. Since no active measure is required, this
regeneration mechanism is called passive. For passive regeneration one limiting
factor is the availability of NO2. Most NOx emitted by a diesel engine is in the
form of NO. Typically, only a small fraction of 5–10 % is NO2. To overcome this
limitation some NO is oxidized to NO2 over an upstream oxidation catalyst. In the
case of oxidation catalyst coated filters, some of the NO2 consumed by the soot
oxidation is re-oxidized inside the filter wall and can be ‘‘recycled’’ via diffusion,
further enhancing the passive regeneration rates. In case of SCR catalyst coated
filters this latter mechanism does not occur. In addition, competition for NO2 exists
between the soot oxidation and the SCR reactions. This is shown in Fig. 20.18,
taken from Ref. [50], in which the soot build up of a DOC ? CSF is compared
with a DOC ? SCR on filter system. The CSF had a platinum containing coating
and one can clearly see that a stable, low soot load is established after a short time

Fig. 20.17 Comparison
maximum temperatures
during worst-case
regeneration conditions with
different filter technologies.
Adapted from [9]

Fig. 20.18 Comparison of
the soot load evolution of a
DOC ? CSF system versus a
DOC ? SCR on Filter
(SCRoF) system under a
transient engine operation.
Data taken from [50]
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(balance point). For the SCR coated filter, this is not the case or would be expected
at much higher soot loads. For light-duty applications, which typically do not rely
on passive soot oxidation, this lower passive regeneration rate is not of major
concern. For heavy-duty applications, however, this is of disadvantage and can
result in penalties in fuel economy due to the higher operational soot and pressure
drop levels as well as the need for more frequent active regenerations.

20.3.4 DeNOx Efficiency

The general catalysis of SCR catalysts applied to filter substrates is identical to the
more conventional flow-through substrates. Differences exist with respect to the
flow pattern, which includes flow across the catalyst coated porous wall in addition
to the flow along the channels. Hence, transport of the reactive species occurs not
only by diffusion from the gas bulk to the catalyst (as for flow-through catalysts)
but also by means of a convective flow-through the catalyzed wall. The same is
obviously true with respect to the heat transfer. For conventional flow-through
catalysts, some effect of cell density can be observed, primarily at higher tem-
peratures where mass transfer becomes limiting [23]. For filters, the range of cell
densities used is significantly smaller ranging typically only from 200 to 350 cpsi
and no significant effect has been reported so far.

The presence of soot accumulated in close proximity to the catalyst is another
difference of filters with integrated SCR functionality leading to competition for
NO2. The NO2 entering the filter can either react with accumulated soot according
to the passive soot oxidation reactions mentioned above, (R3)–(R5), or the NO2

can react within the SCR reaction system promoting, for example, the rate of
deNOx via the fast SCR route, (R6).

NOþ NO2 þ 2NH3 ! 2N2 þ 3H2O ðR6Þ

Under most application conditions the rate of the SCR reactions exceeds the
rate of the soot oxidation. This is especially true under low to medium tempera-
tures as commonly found in light-duty emission cycles. Under these conditions, no
difference in deNOx efficiency was observed between clean filters and filters
loaded with 6–8 g/l of soot [51, 52], see Fig. 20.19. This was also shown in Ref.
[53] under laboratory test conditions with a NO2/NOx ratio of 0. In the same study,
either no effect of the presence of 5 g/l soot or a slightly reduced activity was
reported for NO2/NOx = 0.5 and temperatures above 200 �C. At a high NO2/NOx

ratio of 1 a beneficial effect of soot was shown for temperatures below 275–300 �C
[53]. This could be explained by some consumption of NO2 reacting with soot
according to (R3)–(R5) and changing the SCR reaction pathways toward the faster
reactions involving NO and NO2.

The amount of ammonia stored in the filter is of relevance to transient operation
and cold start conditions. In [53], it was shown that despite its high surface area the
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soot stored in the filter adds no or only a negligible ammonia storage capacity. As
mentioned above, over the life of the filter ash also accumulates within the inlet
channels. The ash can deposit on the walls as well as in the rear of the filter in form
of a plug. The ash plug in the rear of the filter can affect the deNOx efficiency since
the wall-flow region with intimate contact between gas and catalyst is reduced and
in the region of the ash plug mass transfer occurs by diffusion from the outlet
channel to the wall only.

With respect to aging one has to distinguish between thermal aging and poi-
soning. Poisoning can be expected to be similar to flow-through catalysts with the
additional potential for accumulated ash interacting with catalyst. With respect to
the ash it should be mentioned that we typically do not see any significant ash
quantities penetrating into the pore structure. Hence, if the coating is located inside
the pores (or the outlet channel) the ash and catalyst will be spatially separated.
The thermal exposure during active regenerations and the above-described worst-
case conditions are significantly different from the conditions typically experi-
enced by a standard flow-through SCR catalyst. This needs to be considered with
respect to the selection of the catalyst, the selection of the filter technology and the
durability evaluations. Typical durability testing with filters is done by performing
a large number of regenerations and then test for filtration and deNOx perfor-
mance. Most severe are repeated worst-case regenerations, for example, under the
above described drop to idle conditions. Under these conditions, local peak tem-
peratures inside the filter can be in the range of 1000 �C and more. The number of
worst-case regenerations that should be used in these durability tests depends on
the application. In [54], it was shown for several test vehicles that under normal
operating conditions only a small fraction of regenerations actually lead to severe
conditions. In general, the conditions are expected to be more severe in passenger
car applications compared to heavy-duty applications, since the former experience
often a more transient driving profile with higher soot loads as well as more
frequent idling events. Figure 20.20 shows examples [51] for several zeolite
coated filter samples exposed to a larger number of worst-case regenerations with
peak temperatures in the range of 1100 �C. Similar data can be found in other
references, for example [52]. The data demonstrate that advanced filter and

Fig. 20.19 Example of
DeNOx efficiency over
NEDC with a clean and a
soot-loaded filter with
integrated SCR catalyst,
adapted from [51]. Gray line
at the bottom indicates the
vehicle velocity
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catalyst technologies can maintain low particulate emissions over such harsh
conditions as well as maintain good deNOx activity. To understand the limited
effect on catalyst activity shown in this example, it has to be mentioned that the
temperature distribution within the filter during these extreme regenerations is
highly nonuniform. The peak temperatures are observed in small regions, typically
in the back of the filter, and for very short durations only [54]. As a result, the
catalyst primarily deactivates locally with larger portions of the filter being aged at
significantly milder conditions.

20.4 Modeling of SCR Integrated Particulate Filters

The modeling of particulate filter components has been described in a large
number of publications. Examples are Refs. [36, 55–62]. In general, one has to
distinguish between simple 0D models, treating the entire filter as one uniform
body, and more detailed 1D up to 3D models. For pressure drop and filtration
simulations, simple and fast 0D models are often sufficient and provide for an
efficient engineering tool. The correlations that are used in these models have been
described in the above sections. For some control algorithms, 0D models have
been used to simulate the thermal behavior and the reactions occurring inside the
filter, e.g., [45]. However, for a better understanding of the phenomena occurring
inside the filter and more quantitative description 1D models, assuming uniform
flow, temperature, and concentrations in the radial direction, have proven useful
yet still efficient. Higher dimensional models are required to consider radial
nonuniformities in flow, temperature, or soot loading. Since these models are
computationally more expensive their use is typically limited to cases where the
additional information is critical. We will limit the discussion to 1D models. In
Fig. 20.21 a schematic of a filter with the relevant terms is shown. Due to the
design of the filter, one has to distinguish between three axial regions, the two plug
zones and the center of the filter representing the main part, and three phases, the

Fig. 20.20 Examples of durability test results over repeated worst-case regenerations with
zeolite SCR catalyst coated high porosity aluminum titanate filter [51]
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gas phase in the inlet and outlet channel and the wall (solid) phase. The latter
phase also includes the soot deposited. The inlet and outlet plug regions can be
described analogous to flow-through catalysts and will not be further discussed
here. In the main filter region, the gas phase in the inlet and outlet channels is
typically treated as locally uniform across the channel and the equations for
conservation of mass, momentum, and energy apply. In the inlet channel, we
further have to consider for the accumulation of soot (and ash) and the resulting
change in the open channel area. The resistance of the flow across the soot layer is
best considered in the equations describing the flow across the wall. The wall
phase can be either treated as uniform from inlet channel to outlet channel surface
or changes across the wall (x-direction in Fig. 20.21) can be considered. Con-
vective flow within the wall in axial direction (z-direction) can typically be
neglected, enabling the use of simpler 1D ? 1D models, i.e., [36, 62]. The
resistance to flow across the wall is described as Darcy flow by the local effective
permeability, for which the correlations described in a previous section can be
used. Although considered in some references, we have found that the contribution
from the second-order term for wall-flow is typically small and can often be
neglected. With respect to the source terms do conventional Sh- and Nu-numbers
for square channels describe the diffusive/conductive mass and heat transfer
between the gas and wall phases reasonably well. Reactions are considered where
they occur, i.e., homogeneous gas phase reactions within the respective gas
balance and catalyzed reactions within the wall phase equations. Soot oxidation
is considered within the wall phase equations only. A summary of model equations
for the example of a 1D description of the filter as described in Ref. [56] is
provided in Table 20.2 with the notation adapted and the corresponding species
equations added. Unlike the equations in [56] the effect of soot on the energy
storage and axial thermal conductivity is neglected, since these contributions are

Fig. 20.21 Schematic of filter model
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typically small compared to the contributions of the filter solid. In the equations
d is the channel diameter, q the density, u the velocity, cp the heat capacity, T the
temperature, h and k the heat and mass transfer coefficients, k the thermal con-
ductivity, l the viscosity, Lw the wall thickness, j the permeability, and f0 the
friction factor. The indices i and o denote the values for the inlet and outlet
channels, respectively, and w and s the wall and soot phase. The model neglects
thermal conductivity and axial diffusion in the gas phase and treats the gas phase in
both channels as quasi-steady-state. For soot a common assumption is that it is
retained within the wall with high filtration efficiency and in the equations of
Table 20.2 an ideal filtration efficiency of 100 % is assumed. Rj represents the sum
of all reactions involving species j and Q is the cumulative heat release upon all
reactions occurring. As initial conditions the values at t = 0 s are used. Prior to the
simulation it might be required to initiate the axial flow field. A boundary con-
dition is that at z/L = 0 the mass flow is equal to the exhaust flow for the inlet
channel, whereas it is zero in the outlet channel. The opposite is true for the outlet,
z/L = 1, where the mass flow in the inlet channel equals zero and is equal to the
exhaust flow rate in the outlet channel. The pressure boundary condition is defined
at the outlet and is equal to the ambient pressure plus the pressure drop across any
components downstream of the filter.

20.5 Application Examples

In this section, some of the published studies related to SCR integration into the
particulate filter will be discussed. The discussion is separated into light-duty
passenger car applications and heavy-duty or non-road applications.

20.5.1 Light Duty

The advantage of a more compact, packaging space reduced system is discussed in
Refs. [63–66]. The systems used in these studies were all for heavier vehicles
targeting primarily certification for US regulations. Lee et al. [63] discuss the
potential and limitations of a system with Cu/Zeolite-based SCR catalyst inte-
grated into the DPF for a pick up truck equipped with a 4.9 l prototype light-duty
diesel engine. Filters with 200 and 300 cpsi were used. The observed NOx
reduction for the integrated SCR/DPF technology was found to be comparable
with that of the standard Cu-based flow-through SCR technology when tested over
cold start FTP and US06. These results were found to be independent of the level
of soot loading in the filter (tested up to 5 g/l). The authors did observe degra-
dation in deNOx performance after experiments with active regenerations. Authors
from the same group [9] report on an additional study in which they repeated up to
300 soot loading and regeneration cycles to simulate 120 k miles of operation.
Regeneration was initiated at 4 g/l soot and a target temperature of 625 �C. The
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deNOx efficiency of the aged systems decreased when compared to the fresh
performance. The level of change depended on the technology and aging. The
pressure drop of the integrated system was found to be higher compared to a
conventional DPF plus SCR system. The maximum temperatures observed during
worst-case drop to idle regenerations were about 100 �C lower compared to a CSF.
The main benefit of the integrated system referenced is the reduced packaging
volume. Cavataio et al. [65] discuss laboratory results obtained with different
catalyst and filter technologies. In the laboratory tests, the coated filters showed
comparable deNOx performance as conventional flow-through technologies. The
higher backpressure was mentioned as a concern and area for improvement. In
[66], the same group reports on promising results with integrated SCR on filter
systems tested on a Land Rover with a 2.7 l V6 diesel engine. The system had both
an SCR coated filter as well as a conventional SCR component. Placing the
conventional SCR component upstream of the coated filter was found to be more
favorable.

References [9, 51, 52, 67–69] discuss the advantage of integrated SCR-filter
systems with respect to improved emissions performance in cold start cycles as
result of the closer coupled location. Harth [67] reports on data of SCR integrated
filter systems tested under light-duty conditions. The closer coupled location of the
integrated system enables significantly lower NOx emissions over the NEDC
compared to a conventional DPF plus SCR system. Excellent stability, comparable
to a conventional system is shown over simulated 180,000 km with active
regenerations every 800 km. Excellent stability under repeated regeneration con-
ditions expected for light-duty systems is also shown in Refs. [51, 70]. Stiebels
[52] and Boorse [68] show data on the sensitivity to NO2/NO ratio entering the
coated filter, with higher deNOx efficiencies at higher NO2/NOx ratios. In [69], the
sensitivity with respect to the NO2 ratio was reported to be low for the Cu-zeolite
catalyst used. Ballinger et al. [71] show data for cordierite and SiC filters dem-
onstrating comparable performance under hot test cycle conditions. Unfortunately
no cold start cycle data were reported where a benefit of the lower thermal mass
and lower thermal conductivity cordierite filter could be expected. The authors
also show data comparing the pressure drop of zeolite coated filters with con-
ventional oxidation catalyst coated filters (CSF); at low soot loads roughly 30 and
130 % higher values are shown for the SCR catalyst coated cordierite and SiC
filters, respectively.

A commercial application has been reported by Volkswagen for some EU6
vehicle applications of their new 1.6 and 2.0 l TDI engines [72]. The system
comprises a close coupled DOC followed in short distance by an SCR catalyst
coated DPF. In addition, a slip catalyst with combined SCR and oxidation func-
tionality is installed downstream of the DPF. The urea injection is located in-
between the DOC and DPF components and a static mixer is used to improve
distribution and evaporation within the limited space. Due to the high temperatures
that can occur in this very close coupled position, a water-cooled urea injector was
selected and the supply lines for the aqueous urea solution are made of highly
temperature resistant materials.
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20.5.2 Heavy Duty

The reduction in overall aftertreatment packaging volume as well as the potential
for improved deNOx functionality as result of an increased SCR catalyst volume
are the key features discussed in publications related to heavy-duty systems.
In [73], Oladipo et al. demonstrate good conversion efficiency of SCR catalyst
coated filters over several heavy-duty emission cycles. The performance, however,
was slightly less compared to flow-through catalysts with the same catalyst. The
authors observed that, with respect to the washcoat technologies considered,
the effect on pressure drop is more relevant than the effect on conversion. Some of
the technologies had pressure drop comparable to a reference CSF. The authors did
observe some negative effect of soot on deNOx efficiency. Naseri et al. [74]
discuss the concept of replacing the oxidation catalyst coated filter in a
DOC ? CSF ? SCR system by an SCR catalyst coated filter to enable higher
overall deNOx conversions. The total component volume as well as the flow-
through SCR components were kept the same. The testing was done on a US 2007
heavy-duty engine. In case of the integrated SCR-filter system, the engine was
operated without EGR at high engine out NOx emissions of 5 g/(hp h). The
conventional system was tested at the same high NOx as well as at a level of
1–1.5 g/(hp h). At equal operating conditions, the system with integrated SCR-
filter component provided better deNOx efficiency enabling operation at higher
engine-out NOx and improved fuel economy. The authors also report that the
integrated SCR-filter system demonstrated better passive regeneration capability
under higher engine out NOx conditions as compared to the CSF system under
lower engine out NOx. Tan et al. [75] report on a system consisting of two DOC’s
followed by a flow-through SCR component and then an SCR coated filter. In
addition, a reference system with CSF in the same rear position was tested. The
pressure drop results show a 48 and 52 % higher pressure drop for the SCR
integrated filter compared to the CSF when tested clean and at 5.2 g/l soot,
respectively. These values resulted in 9 and 18 % higher system pressure drop,
respectively, but were still within the design targets for the system. The soot
regeneration efficiency of the SCR coated filter was found to be slightly lower but
was recovered by minor adjustments to the strategy. The emission tests showed the
potential for an SCR volume reduction of 51 and 44 % for the US06 and HD FTP
emission cycle. The opportunity for downsizing the aftertreatment equipment is
also discussed in Refs. [76, 77] targeting EU VI heavy duty applications. The
authors report high NOx conversion efficiencies as well as particle number
emissions over WHTC and WHSC below EUVI limit. Results from some limited
heavy-duty vehicle tests showed sufficient passive soot burn on highway but some
build up and increase in pressure drop in urban driving. The aftertreatment volume
and mass reduction potential reported in [77] was 52 and 48 %, respectively.

Tang et al. [50] report on experiments of a heavy-duty aftertreatment system
comprising a DOC followed by a DPF with integrated SCR functionality and an
ammonia slip catalyst. The size of the DPF was 1200 diameter and 1200 in length
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and the ratio of filter volume to engine displacement was 2.4. The system was
designed for passive operation of the DPF and testing was done under steady state
conditions as well as over the NRTC. A high deNOx efficiency was observed with
values of 87 and 90 % for operation at the C20 and A100 conditions, respectively.
For the hot NRTC with a soot-free filter an efficiency of 92.6 % is reported, which
was increased even further to 95.5 % when 6.2 g/l soot was present. This
enhancement was explained by the consumption of some of the NO2 under the
conditions of a high cycle cumulative NO2/NOx ratio of *68 %. The authors also
discuss the reduced passive soot oxidation compared to a conventional CSF system
and discuss solutions how this could be compensated. The authors demonstrate
that if the ammonia dosing is reduced from a ratio of 1.05 to 0.5, intentionally
accepting a reduction in deNOx, the soot accumulation could be significantly
reduced, with the balance point and steady state pressure drop being reduced by
almost 50 % to a value roughly equal to the condition with no ammonia being
dosed. Another approach proposed is to calibrate the engine to operation at higher
NOx/PM ratios.

20.6 Summary

The integration and combination of the SCR and filter functionality into one
component offer some attractive features. The packaging space as well as the
number of components required for the aftertreatment can be reduced. It should be
mentioned that this reduction in components and size often does not lead to a
reduction in system pressure drop since the effect of catalyst coating on the
pressure drop is more expressed for filters than for flow-through substrates.
Another advantage, attractive especially for applications with low temperatures or
cold start challenges, is the potential to move the SCR function closer to the
engine. This enables higher temperatures and the potential for higher deNOx
efficiencies. The benefits come at the cost of increased complexity. Examples
being the competition for NO2 by the SCR reactions and the passive soot oxidation
or the trade-off that has to be made when choosing the ideal pore size, balancing
between the ease to coat with high loadings, and the filtration efficiency. In
addition, the thermally rougher conditions observed in filters impose more chal-
lenging requirements with respect to the thermal stability of SCR catalyst
technologies.

Overall, we do expect the introduction of SCR integrated filter systems in a
number of passenger car applications. The tremendous progress made in the area
of catalyst and filter technologies, as well as on the system integration, are key
enablers. For passenger car applications, the main benefit is the potential for higher
deNOx efficiencies during cold start emission cycles. The main disadvantage of
reduced passive soot oxidation is less of a concern.

For heavy-duty systems, the situation is less clear although significant research
and development work have been performed over the past years. The benefit with
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respect to low temperature deNOx performance is less expressed and often
outweighed by the disadvantage of reduced passive soot oxidation, leading to
penalties in fuel consumption. The benefit of reduced packaging space or higher
system deNOx efficiency at given packaging volume might be an opportunity for
some truck or non-road applications designed to meet advanced regulations.
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CARB California Air Resources Board
CHA Chabazite
DEF Diesel exhaust fluid
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Standardization
DOC Diesel oxidation catalyst
DOE Department of Energy (U.S.)
DPF Diesel particulate filter
EGR Exhaust gas recirculation
FTP-75 Federal test procedure for light-duty vehicles
GVW Gross vehicle weight
HC Hydrocarbon
HD Heavy-duty ([14,000 lbs GVW and incomplete vehicles)
J1 Job 1, first vehicle produced in a new model year
J2 Job 2, first vehicle produced with a significant change in a given model

year
LD Light-duty (\8,500 lbs GVW)
LHDDE Light heavy-duty diesel engine, a federal category for MD vehicles
LEV Low emission vehicle program (CARB)
LNT Lean NOx trap
MD Medium-duty ([8,500 lbs and \14,000 lbs GVW)
OEM Original equipment manufacturer
PFI Port fuel injection
SCR Selective catalytic reduction
SiC Silicon carbide
ULSD Ultra Low sulfur Diesel
USCAR United States Council for Automotive Research
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21.1 Introduction

The choice to pursue Selective Catalytic Reduction (SCR) using aqueous urea as a
NOx reductant for lean NOx control on diesel vehicles was not an easy one. It was
difficult to imagine an infrastructure for delivery of aqueous urea to diesel vehi-
cles. In the 1990s, SCR technology was best known for its use in stationary source
control of NOx. There were published studies on its potential effectiveness for
diesel vehicle NOx control at steady state, most notably by Degussa [13],
Volkswagen [23], and Hug Engineering [25]. Earlier, interesting work was also
being done at the Paul Scherrer Institute in Switzerland [28]. Ford applied urea
SCR to a light-duty truck and tested it with success on transient cycles [42]. The
SCR catalysts available at that time included vanadia/titania, and base metal/
zeolite formulations using copper or iron, usually using ZSM-5. It was unknown if
these catalyst types would ever be durable enough for a vehicle application, not
only hydrothermally but with diesel fuel sulfur contents on the order of 500 ppm,
or approximately 50 times the current diesel sulfur level in the U.S. and Europe
today. There was also uncertainty about integration of particulate traps into SCR
systems, low temperature/high space velocity applications, and aqueous urea
handling issues, including freeze point and replenishment.

A technology was going to be needed to control NOx under lean conditions to
90+ % reduction levels to meet future emission standards or diesels could not be
sold in the U.S. Ford continued research on urea SCR systems [18, 31, 36, 37, 46]
when the industry as a whole was primarily focused on the main competing
technology of lean NOx adsorbers. Starting with the 2007MY, the introduction of
ultra low sulfur diesel (ULSD) fuel into the U.S. market enabled the use of
particulate filters and lean NOx catalysts on diesel vehicles. In particular, com-
mercially important trucks falling in the medium-duty vehicle (MDV) weight
classes of Class 2b (8,501–10,000 lbs) and Class 3 (10,001–14,000 lbs) had the
option to certify as a complete chassis to LEVII NOx standards. By 2010, an
infrastructure for aqueous urea delivery to vehicles was expected to develop
sufficiently for diesel trucks to use SCR systems. In 2005, Ford began a multiyear
advanced development of the SCR system for diesel trucks[8,500 lbs slated for a
2010 launch. Several key issues involving the catalyst system were identified and
overcome. The timeline of 10–15 years from research system concept to pro-
duction is not unusual and reflects the difficult challenges associated with new
technology development for a vehicle application at the required durability and
cost. The overall impact of medium-duty diesels with urea SCR was 10+ % lower
CO2 at light to moderate loads, 6–7 % lower CO2 at high loads, and greater use of
base metals and lower cost precious metals via Cu-SCR catalysts and Pd-rich
diesel oxidation catalysts (DOC). The launch of urea SCR systems on Ford diesel
trucks was a success in terms of NOx and greenhouse gas emissions saved and the
first widespread use of a base metal/zeolite catalyst for automotive exhaust gas
aftertreatment.
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21.2 Early Research at Ford on Lean NOx Control
for Diesel Vehicles

Early research work at Ford on lean NOx control focused on three main catalytic
technologies for active NOx reduction on diesels: SCR with diesel fuel (hydro-
carbon (HC) SCR), SCR with aqueous urea (urea SCR), and lean NOx traps
(LNTs). HC SCR used diesel fuel injected over a Pt-containing catalyst. Urea SCR
used a solution of 32.5 wt% urea in water (eutectic) injected over a base metal/
zeolite catalyst. LNTs contained precious metal and were similar in formulation to
a gasoline three-way catalyst (TWC) with NOx adsorbing materials added. LNTs
required rich conditions to decompose the NOx stored within and were known to
be especially vulnerable to sulfur, requiring high temperature, rich conditions to
recover. The goal for these technologies was 90+ % NOx reduction to meet light
duty Tier 2 standards and heavy-duty standards beyond 2007 (Table 21.1).

An important consideration was the operating temperature window of each
potential catalyst technology as well as the fuel economy impact. These are
summarized in Figs. 21.1 and 21.2. The performance data are for slightly aged
catalysts at 30,000 h-1, and the shaded areas indicate typical exhaust gas tem-
peratures on two light-duty vehicle certification cycles: the three phase city driving
cycle (FTP-75), and the high speed, fast transient cycle known as US06. A typical
HC SCR curve for diesel fuel and a Pt catalyst had overall low NOx conversion in
a narrow temperature window. Urea SCR using a Cu/beta catalyst had the widest
operating window for [90 % NOx conversion. LNT (Ba type) had a narrower
window shifted to higher temperatures. Therefore, the LNT must be heated by at
least 100 �C to give high efficiency on that test cycle. Note that LNT efficiency fell
off drastically above 400 �C.

The expected performance curves for LNT and Urea SCR versus fuel penalty
are shown in Fig. 21.2 for the LD FTP-75. The NOx conversions were optimistic
projections for the best formulations available in 2003 without any type of cold
start strategy. It was assumed that the NOx catalyst is located downstream of a
DOC, and similar engine out conditions were used for each technology. A penalty
of 3 % was included for all systems to account for the increased backpressure and
periodic regeneration of a soot filter. An equivalent fuel penalty for use of urea

Table 21.1 2007 standards for light-duty (LD) and heavy-duty (HD) diesel vehicles

NMOG/NMHC CO NOx PM

LD Tier 1 diesel (100 k mi)a 0.31–0.56 g/mi 4.2–7.3 g/mi 0.97–1.53 g/mi 0.10–0.12 g/mi
LD Tier 2 Bin 5 (120 k mi) 0.090 g/mi 4.2 g/mi 0.07 g/mi 0.01 g/mi
HD 2004 MY 0.5 g/hp-hr 15.5 g/hp-hrb 2.0 g/hp-hr 0.10 g/hp-hr
HD 2007 MY 0.14 g/hp-hrc 15.5 g/hp-hrb 0.20 g/hp-hrc 0.01 g/hp-hr
a Tier 1 standards vary according to vehicle weight
b HD CO standard is carried over from 1998 MY
c 2007 NMHC and NOx standards to be phased in from 2007 to 2010
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based on the energy required for manufacture was estimated to be approximately
0.2 %. This was insignificant compared to the 7 % penalty projected for LNT to
achieve 80 % NOx conversion.

In summary, it was found that urea SCR had the most potential to provide the
90+ % NOx conversion required for 2007+ NOx standards with the following
technical advantages: wider operating temperature window, greater durability,
lower fuel economy penalty, lower HC emissions, lower greenhouse gas emis-
sions, lower system cost, and lower usage cost. The applicability of urea SCR for
transient use was further demonstrated on a series of prototype diesel vehicles
[31, 46]. Most notably, Ford completed a 120,000 mi aging assessment on a
6,000 lbs light duty truck aimed at Tier 2 Bin 5 emission standards [37]. This study
is described below.
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21.3 Ford’s Research Program on a Prototype Light-Duty
Diesel Truck

From 2001 to 2005, Ford participated in the U.S. Department of Energy’s Ultra-Clean
Transportation Fuels Program with the goal to develop an exhaust emission control
system for light-duty diesel trucks that provided high efficiency particulate matter
(PM) and NOx reduction to meet Tier 2 Bin 5 emission standards (0.01 g/mi PM,
0.07 g/mi NOx). Very low sulfur diesel fuel enabled low PM emissions, reduced the
fuel economy penalty associated with the emission control system, and increased the
long-term durability of the system. The project team included an emission control
technology developer and diesel engine manufacturer (Ford), a fuel and catalyst
technology developer (ExxonMobil Research and Engineering), exhaust gas catalyst
manufacturers, and an outside research facility (FEV). The program focused on the
design options for urea SCR catalyst systems that included a particulate filter,
development of robust catalysts, NOx and ammonia sensor development, urea dosing
and mixing, efficient filter regeneration, and the business case for urea infrastructure.

21.3.1 SCR System Design

Integration of NOx and particulate control was a challenge. If a particulate filter was
located upstream of the SCR catalyst, it could take full advantage of heat produced
by the engine to oxidize HC, CO, and soot. However, the SCR catalyst took longer to
heat up and could be more susceptible to damage by large exotherms generated in
the filter. It was thought to be advantageous to reverse the order of the components
to achieve higher SCR catalyst temperatures and convert more NOx earlier in the
test cycle. A DOC close to the engine was required to oxidize HC and CO, followed
by urea injection and SCR. An oxidation function after urea injection would be
detrimental to the SCR process. This configuration would require additional heat to
regenerate the filter, resulting in a potentially higher fuel economy penalty.

Light-duty FTP-75 cycle NOx conversions for two possible configurations
(System A = Catalyzed Filter ? SCR and System B = DOC ? SCR ? Filter)
were estimated as shown in Fig. 21.3. Neither system by itself was predicted to
meet the 90 % NOx conversion target for a light-duty diesel to meet Tier 2
emissions. More rapid heating of the SCR catalyst was needed to reach higher
activity sooner. It was assumed an extra 50 �C could be added to the system during
the first 30 s of the cycle.

System B with rapid warm up was predicted to reach the target of 90 % NOx
conversion on the FTP-75. The filter was now located in the coldest position
furthest away from the engine. However, a filter can accumulate soot at any
temperature and needed to be brought up to higher temperatures for soot oxidation
only every 500 mi or so. The SCR catalyst, on the other hand, needed to be heated
up at every cold start to its operating window. The DOC ? SCR ? Filter system
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configuration and how to regenerate the filter in this configuration was later pat-
ented by Ford [21, 47]. The catalyst layout for the vehicle used in Ford’s DOE
contract work looked like Fig. 21.4. Besides the catalysts, exhaust gas sensors and
a spray target for urea injection were designed to control the stoichiometry
between urea and NOx and also improve the uniformity of the urea spray in the
short pipe distance available.

21.3.2 DOC Development for SCR Systems

The DOC provided several functions for the urea SCR and filter system: oxidation of
HC and CO to meet tailpipe emissions, exotherm generation during cold start and
filter regeneration, and NO oxidation for improved, durable SCR performance.
Typical curves for HC and CO oxidation for an aged Pt DOC are shown in Fig. 21.5
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using a pulsating flame combusting reactor or ‘‘pulsator’’ [24]. There was some NOx
conversion during a narrow temperature window just ahead of peak HC conversion
due to HC reducing NOx under partial oxidation conditions, ending at about 300 �C.
The catalyst had been hydrothermally aged for 120,000 mi equivalent.

It was known that NO2 could benefit SCR performance at low temperatures
[29]. Peak NO oxidation was found to be about 30–40 % in the laboratory pulsator
after hydrothermal aging as shown in Fig. 21.6 for a Pt-only and a Pt-rich catalyst.
The Pt-only catalyst was selected as the main DOC for the urea SCR system
because of its superior NO oxidation performance.

Further testing was conducted to study the effects of hydrocarbon concentration
on NO oxidation. These parameters were important because strategies to warm the
SCR catalyst or regenerate the filter could result in high levels of hydrocarbons
(HC) entering the DOC. It was found that high HC levels, especially long-chain
HC, suppressed the oxidation of NO to NO2 as shown in Fig. 21.7. At temperatures
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below 350 �C, where the impact on SCR performance is the most significant, the
overall oxidation of NO is small. This meant that NO oxidation would be variable in
real exhaust gas conditions.

21.3.3 SCR Catalyst Formulations

The main options for SCR catalysts included vanadia/titania, Fe supported on
zeolite, and Cu supported on zeolite. Vanadia catalysts, while durable to sulfur,
were not suitable for integration into a system with a periodically regenerating
particulate filter due to the thermal instability of the anatase titania support
material at temperatures above 550 �C and the relatively low melting point of
V2O5 at 690 �C [43]. Further research focused on Fe and Cu formulations, mainly
containing beta zeolite. To some extent, the presence of NO2 improved low
temperature SCR performance, enhanced NOx conversion at higher space veloc-
ity, and provided more robustness. On the other hand, higher NO2 levels in the
feed above 50 % were detrimental to low temperature NOx conversion and pro-
duced large amounts of N2O. It was also found that Fe was more sensitive to the
incoming NO2/NOx ratio than Cu. Therefore, Cu/beta was selected as the prime
SCR catalyst formulation due to its long-term thermal stability up to filter
regeneration temperatures and its lower dependence on feed NO2.

21.3.4 Vehicle System Results

Tailpipe emissions data were collected on a 6,000 lbs Ford light duty truck
equipped with a midsized diesel engine [37]. The exhaust system consisted of an
NOx sensor, Pt-only oxidation catalyst, aqueous urea injection, base metal/zeolite
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(Cu/beta) catalyst, and catalyzed diesel particulate filter (DPF). Injection of urea
against the exhaust flow onto a spray target was used to enhance the distribution of
urea in the exhaust gas [30]. An improved exhaust gas recirculation (EGR) system
consisting of both high pressure and low pressure EGR was used. The fuel
economy penalty for NOx control was less than 1 % for rapidly warming the
catalysts during cold start. Nearly complete regeneration of a filter could be
achieved within 10 min, or less time than one FTP-75 cycle. The fresh system
achieved over 90 % NOx conversion on the cold start FTP-75 test cycle.

The tailpipe NOx data was measured as a progression of aging (Fig. 21.8). The
data were averages of multiple tests for each aging condition. At 4,000 mi,
emissions were below Tier 2 Bin 5 levels at approximately 0.045 g/mi NOx and
0.001 g/mi PM. HC and CO emissions were also below Tier 2 Bin 5 levels.
Unfortunately, rapid warm up control was lost on the prototype engine, resulting in
a doubling of the tailpipe NOx to 0.1 g/mi. The exhaust system was aged suc-
cessfully for 120,000 mi on the engine dynamometer using a transient aging cycle,
a Ford corporate drive cycle that incorporated both city and highway driving
modes [38], with a total aging time of about 2,500 engine hours. The filter was
actively regenerated a total of 643 times, with each regeneration typically lasting
10 min, including 6 min with the SCR at high temperature (over 600 �C). In all,
the SCR system spent approximately 64 h at high temperature during the dura-
bility phase, matching the projected lab aging time. At 50,000 mi, the emissions
were similar to 4,000 mi and very little aging had occurred. At 120,000 mi, some
SCR aging was evident. Overall FTP-75 NOx conversion was 74 % conversion
with 0.128 g/mi at the tailpipe, exceeding the Tier 2 Bin 5 standard at 120,000 mi
of 0.07 g/mi NOx. This result was improved by using a fresh DOC upstream of the
dynamometer-aged SCR (0.091 g/mi); therefore, the durability of the DOC did
have a significant impact on SCR performance. During the year that the dyna-
mometer aging took place, further improvements were made to Cu/beta-type SCR
catalysts. An improved SCR catalyst was oven-aged for 64 h and tested with the
dyno aged DOC, resulting in 0.08 g/mi NOx. Substituting the fresh DOC into the
system gave even lower NOx at 0.06 g/mi NOx. Again, the importance of DOC
durability for long-term NOx reduction was shown.
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21.4 Migration of Research into a Production Vehicle
Program

21.4.1 Vehicle Program Needs for Lean NOx Control

In 2005, when the Ford-DOE project was ending, a key decision was made that
determined the NOx aftertreatment needs for future diesel trucks. Up until then,
diesel aftertreatment in the U.S. had consisted of low-cost metal oxide catalysts for
some control of soluble organics to meet particulate standards [15, 22]. The high
sulfur in the fuel prohibited the use of filters, precious metal catalysts, or lean NOx
control. The introduction of ULSD fuel into the market in 2007 enabled the launch
of filters and higher precious metal DOCs to meet tighter standards for PM and
non-methane hydrocarbons (NMHC). The story for implementation of lean NOx
control is slightly different.

Historically, medium-duty vehicles weighing between 8,500 and 19,500 lbs fell
under the ‘‘light heavy-duty diesel engine (LHDDE)’’ federal category and were
certified on an engine dynamometer. Beginning with the 2004 model year (MY),
Federal Tier 2 and California LEV II standards were adopted, with a multiyear
phase-in. Medium-duty vehicles between 8,500 and 14,000 lbs had the option to
certify as a complete vehicle using the chassis FTP-75 cycle. Tier 2/LEVII phase-
in was to be completed by 2010. Ford made the decision to continue to certify
LHDDEs on an engine dynamometer until 2010, and then certify trucks
\14,000 lbs as a complete chassis thereafter. While the Ford-DOE program had
focused on the light-duty vehicle category (\8,500 lbs), this key decision allowed
for the same system options to be applied to the production program because the
same test cycle, the FTP-75, was going to be used for certification, and the NOx
conversion requirements were similar, falling around 80 % for the cycle. The drop
in NOx standards can be seen in Table 21.2, where California LEV versus LEVII
can be compared for the two weight classes considered to be medium-duty. For a
GVW of 8,501–10,000 lbs, the tailpipe NOx requirement went down from 1 to
0.2 g/mi, and for 10,001–14,000 lbs, NOx standards were reduced from 1.5 to
0.4 g/mi.

Table 21.2 California diesel emission standards for 8,500–14,000 lbs. (Chassis certified at
120,000 mi, all emissions in g/mi)

Year Weight (GVW) (lbs) Category NMOG CO NOx PM HCHO

2003 8,501–10,000 ULEVa 0.197 8.1 1 0.06 0.021
10,001–14,000 ULEV 0.257 10.3 1.5 0.06 0.026

2004–2010 8,501–10,000 ULEV II 0.143 6.4 0.2 0.06 0.016
10,001–14,000 ULEV II 0.167 7.3 0.4 0.06 0.021

a For simplicity, only California ULEV is shown in the table; LEV and SULEV also were
available (California LEV Low Emission Vehicle, ULEV Ultra Low Emission Vehicle, SULEV
Super Ultra Low Emission Vehicle)
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21.4.2 Catalyst and System Design Options

Similar catalyst design options were available for the production program as there
were a few years earlier for the research program: DOC ? DPF ? SCR and
DOC ? SCR ? DPF. The system carried design constraints such as packaging
space, backpressure, conversion efficiency targets, and lower exhaust gas tem-
peratures due to the much higher power/weight ratio of medium-duty truck
compared to light duty. The underbody exhaust gas temperatures on these larger
trucks were especially challenging at a typical operating level of 200 �C. This was
about 50 �C lower than the light duty truck and roughly 300 �C lower than a
comparable weight gasoline vehicle (Fig. 21.9). Cold start was another problem.
The SCR system did not warm upto 200 �C until almost 400 s into the test cycle,
and it became apparent that rapid heating would be needed to achieve NOx
conversion within less than 200 s in order to meet the cycle NOx conversion target
of 85–90 %.

Due to packaging constraints, not even a DOC could be close-coupled to the
engine; all catalysts would be located underbody. It was decided to proceed with the
DOC ? SCR ? DPF configuration in order to meet the NOx performance target to
85+ % conversion on the FTP-75. Even with rapid warm up, the overall system
performance presented a huge challenge. A schematic of the final system includes
two DOC bricks, DEF injection (DEF = diesel exhaust fluid, a trade name for
automotive grade aqueous urea), a twist mixer, two SCR bricks, and a diesel
particulate filter (Fig. 21.10). The DOC and SCR substrates were cordierite and the

0

20

40

60

80

0
100
200
300
400
500
600
700
800

0 200 400 600 800 1000 1200

V
eh

icle sp
eed

 (m
p

h
)

U
n

d
er

b
o

d
y 

T
em

p
er

at
u

re
 (

C
)

FTP-75 Test Time (s)

Ford 2011MY Diesel (9500 lbs)
with and without rapid warmup

Ford PFI E450 (10,000 lbs)

Ford Prototype Diesel Truck (6000 lbs)

Fig. 21.9 Comparison of underbody exhaust gas temperatures (SCR catalyst location) for a
2011MY diesel truck at 9,500 lbs compared to a prototype truck at 6,000 lbs and a gasoline PFI
E450 van at 10,000 lbs. Data are for the first two phases (bags) of the FTP-75, and the
effectiveness of rapid warm up is shown for the 9,500 lbs truck

21 Development of the 2010 Ford Diesel Truck Catalyst System 669



filter was SiC (silicon carbide). The sensor set included a post DOC temperature
sensor for rapid warm up and filter regeneration control, pressure and temperature
sensors around the filter, and a tailpipe NOx sensor. A feed gas NOx model was
used to estimate the amount of urea needed for stoichiometric, transient injection.

21.5 Development Challenges Associated with SCR
Catalyst Systems

21.5.1 Thermal Stability of the DOC

Historically, Pd was less expensive than Pt, often at 25–30 % of the cost per troy
oz [27]. It became desirable to discover if a Pd DOC could be made to work in a
diesel exhaust system with urea SCR and filter. The light-off of HC was tested
after aging several DOCs. It was found that some addition of Pd to Pt had a
stabilizing effect for HC oxidation during cold start (Fig. 21.11). The best ratio for
performance was 2:1 Pt:Pd, and this ratio was used for the launch of
DOC+SCR+DPF on diesel trucks in the spring of 2010. Further work revealed that

Fig. 21.10 2011MY medium-duty diesel exhaust system [16]
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the 1:4 ratio at the same overall metal loading as the 2:1 was almost as good for
HC and presented significant cost savings. The 1:4 Pt:Pd ratio was adopted later in
the fall of 2010. There was a tradeoff made, mainly in NO oxidation activity. At
20:1 and 2:1, Pd-stabilized Pt and improved NO oxidation but had no inherent
activity itself, so the migration to the 1:4 ratio essentially removed any chance for
NO oxidation on an aged DOC at typical exhaust temperatures of 200–300 �C.
This was deemed acceptable by the program due to the selection of relatively
NO2-insensitive Cu-SCR catalyst and little or no expectation for passive soot
oxidation in the DOC + SCR + DPF configuration (Fig. 21.12).

21.5.2 Thermal Stability of the SCR Catalyst

Due to the location of the SCR system upstream of the filter and repeated,
potentially variable exposure to high temperature exhaust conditions during filter
regenerations, there was a need to develop thermally robust SCR catalysts. A
detailed comparison was made early on in the program to better understand the
operating temperature range and thermal durability differences between Cu/beta,
Fe/beta, and vanadium-containing NOx reduction catalysts. The catalysts were
aged as cores under hydrothermal conditions at a relatively mild 670 �C for 64 h
to represent 120,000 mi. It was concluded from the findings presented in
Fig. 21.13 that the thermal durability requirements under filter regeneration events
significantly deactivated the vanadium-containing catalyst [4]. As a result, vana-
dium-containing catalysts were deemed inappropriate for U.S. diesel applications.

At a hydrothermal aging temperature of 670 �C, minor deactivation in NOx
reduction with NH3 was observed for the leading Cu/zeolite and Fe/zeolite cata-
lysts in 2006. For these early generations using beta zeolites, the never-to-exceed
temperature for Cu was established to be only 775 �C while Fe was determined
to be as high as 925 �C. Under standard SCR reaction conditions (NOx = NO),
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Cu/beta was found to have higher NOx conversion at temperatures below
approximately 350 �C. Unfortunately, the Fe/zeolite formulations required higher
NO2/NOx ratios in order to achieve adequate low temperature NOx conversion. As
a result, no beta zeolite catalysts were satisfactory for both low temperature NOx
activity and high temperature thermal durability. The next generation of Cu/zeolite
formulations tested under SCR reactions involved the use of chabazite (CHA)
zeolite. This class of small pore zeolite showed remarkable hydrothermal stability
[3, 5]. Among the dozens of Cu/zeolite formulations tested in prior years, no
formulation was able to withstanding exposure up to 900 �C while maintaining
stable NOx performance at 200 �C. Under the 1 h/900 �C aging condition, the
2007 SCR catalyst retained 90 % NOx conversion at 200 �C (Fig. 21.14).

Based on these encouraging results, a more severe time-at-temperature aging
study was undertaken with the 2007 Cu/CHA SCR formulation defined above. The
aging and evaluation helped determine the full robustness map of this promising
new SCR formulation and also provided valuable characterization for the upcoming
on board diagnostics (OBD) compliance requirements where monitoring of the
SCR function was expected. The aging time was varied from 1 to 256 h while the
aging temperature was varied from 670 to 1100 �C [6]. Initially, SCR catalyst
performance metrics such as NOx conversion, NH3 oxidation, NH3 storage
capacity, and BET surface area were within normal limits. However, these features
degraded with high temperatures and longer aging times. Upon completion of a full
time-at-temperature durability study, performance criteria were established to help
determine the risk of SCR failure. Simple mathematical equations were developed
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that related the threshold temperature to the threshold aging time (Fig. 21.15).
Failure was defined as\80 % NOx conversion between 200 and 400 �C,\100 %
NH3 conversion at 500 �C,\600 mg/L NH3 storage capacity, and\70 % of initial
surface area.
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21.5.3 Ammonia Storage Management

Steady-state conditions with an ammonia-saturated SCR catalyst did not ade-
quately represent the challenges of NH3 management on transient vehicle appli-
cations. Zeolite-containing SCR catalysts were known to adsorb large amounts of
NH3 below 450 �C and the risk of slip became greater in systems with an actively
regenerating filter due to the necessary high temperature excursions that could
cause NH3 to be desorbed. The impact of ammonia storage storagelevels on NOx
conversion was studied with a Cu/beta catalyst (Fig. 21.16). It was found that low
temperature NOx conversion was a strong function of the amount of ammonia
stored on the catalyst [4]. Generally, higher NH3 storage levels resulted in higher
NOx conversion with the saturation NH3 level having the highest NOx conversion.

The NOx conversion dependency as a function of NH3 exposure was studied
with a Cu/CHA catalyst using a feed composition consisting of equimolar levels of
NO and NH3 (Fig. 21.17). With NO already flowing, a step function of 350 ppm
NH3 was introduced at Point 1 and passed over the SCR catalyst. NOx conversion,
NH3 conversion, NH3 slip, and N2O formation were then monitored for the next
3,600 s. During the transition from Point 1 to Point 2, part of the feed gas NH3

reduced feed gas NO and part of it adsorbed on the catalyst. The NOx conversion
increased as the NH3 storage level on the catalyst increased. At Point 2, the
catalyst began slipping NH3, and this point was defined as the threshold storage
capacity (TSC). Point 3 was the NOx conversion at TSC, while Point 4 was the
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maximum NOx conversion possible but with high levels of NH3 slip and obviously
not desired. This characterization procedure was then repeated for the wide range
of temperatures for implementation into the vehicle level calibration using urea
injection.

The initial NOx conversion, the TSC NOx conversion, the steady-state satu-
rated NOx conversion of Cu/CHA as a function of catalyst temperature using only
NO was summarized (Fig. 21.18). The initial NOx conversion represented the
SCR catalyst performance after the cumulative NH3 exposure of only 100 mg/L.
The TSC NOx conversion represented the peak performance of the SCR catalyst
with no more than 10 ppm NH3 slip. The steady-state NOx conversion was
determined after waiting 1 h at each temperature for conditions to stabilize and
represented the best possible NOx conversion with unrestricted NH3 slip. For high
performance at low temperature, one needs to adjust the NH3 storage level on the
SCR catalyst somewhere at or just below the TSC level. Note that performance at
temperatures [450 �C was independent of the cumulative NH3 exposure level
since this was beyond the temperature window for NH3 adsorption.

The fundamental concepts learned in the laboratory were applied to the pro-
duction vehicle program through the urea dosing controls [49], without the need
for a downstream ammonia oxidation catalyst.
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21.5.4 HC Poisoning/Coking of Zeolitic SCR Catalysts

Zeolite-based SCR catalysts adsorbed NH3 for the desired purpose of NOx
reduction. However, zeolites were also well known for adsorbing HC present in
combustion gases. HC and NH3 competed for the storage sites and could have a
detrimental effect on the NOx conversion. The HC impact was found to depend on
the hydrocarbon type, geometry, and quantity, as well as the exhaust temperature.
At low temperatures less than about 300 �C, HC were physically adsorbed and
blocked the zeolite’s molecular channels leading to the interior cages holding the
ion-exchanged metal such as Cu or Fe, thereby inhibiting the SCR reaction. At
temperatures greater than about 300 �C, coke was formed by reaction of HC on the
acidic zeolite surface. Additionally, large amounts of adsorbed HC and/or coke not
only blocked active sites but also presented an exotherm risk when oxidized. HC
inhibition and storage were studied carefully for SCR systems under diesel vehicle
conditions in order to assess the risk of applying such a large amount of zeolite to
an exhaust system which had never been done before.

The inhibition of SCR reactions by HC were studied in the laboratory flow
reactor at temperatures around 200–300 �C typical of diesel vehicles over the FTP-
75 drive cycle. From an analytical speciation of HC during a typical diesel cold start
event, reasonable surrogates for laboratory testing were determined to be propylene
(for olefins), benzene (for aromatics), and n-decane (for paraffins). As described
earlier, the initial Cu and Fe SCR catalysts contained beta zeolite. Laboratory
evaluations demonstrated that co-feeding any of the three hydrocarbon types had a
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negative impact on NOx conversion [4]. Figure 21.19 shows the results for the
Cu/beta at 200 �C. Approximately 80 % NOx conversion was achieved in the
absence of HC, but once HC injection was turned on, the NOx conversion steadily
declined in the presence of all three HC species tested. Normal decane was the most
detrimental, followed by propylene and benzene. For 300 �C, propylene had the
most significant impact on NOx conversion followed by n-decane and benzene (not
shown). However, compared to 200 �C, the decline in performance at 300 �C was
immediate when each HC was introduced rather than the steady decline in NOx
conversion observed for the 200 �C case. Fe/beta also suffered a negative impact on
NOx conversion by HC, although benzene had the least impact for Cu/beta for-
mulation but the most significant impact on Fe/beta. When HC was turned off, NOx
conversion recovered at a rate similar to the inhibition rate.

In addition to HC inhibition effects, large pore zeolites such as beta can also lead
to a large build up of stored HC at low exhaust temperatures such as 200 �C [19].
There was a concern that low temperature modes such as repeated cold start events
and extend idles slipped abundant HC past the upstream DOC and allowed for
excessive HC storage within the SCR catalyst. This stored HC could burn when the
exhaust temperature was ramped up such as during active filter regeneration and
create a major risk for the exhaust system. A sharp decrease in vehicle NOx con-
version with low mileage prototype vehicles prompted further investigation. It was
speculated that a rapid oxidation of a potentially large amount of stored HC within
the SCR catalyst could damage it. A postmortem analysis revealed that not only was
there zeolite damage but portions of the cordierite SCR monolith were melted.
Laboratory experiments were devised that exposed SCR catalysts to diesel vapor.
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The beta type zeolites (Catalyst A, B, and D) could store 20 g/L of diesel fuel vapor
at 200 �C. Subsequently, the catalyst temperature was ramped up to simulate filter
regeneration. A rapid temperature rise confirmed the ability of the base metal
zeolites to oxidize HC rapidly to generate extreme temperatures near 1,000 �C.
In many cases, the oxidation of the HC was so rapid that all the oxygen in the feed
gas was consumed. To put this in perspective, filter regeneration was initiated when
the soot accumulation reached a level of about 6–7 g/L in order to have a controlled
burn. The SCR catalyst might contain about three times that amount, and often
accumulated HC quickly depending on the engine operating condition, resulting in
failures at less than 100 mi.

Next, laboratory protocols were developed to screen improved SCR formula-
tions for the HC storage/exotherm failure mode. The improved catalysts were as a
result of program requirements communicated to catalyst suppliers. Small pore
chabazite (CHA) zeolite catalysts containing Cu became available. Cu/CHA,
designated as Catalyst D in Figs. 21.20 and 21.21, significantly reduced the risk of
this failure mode. In Fig. 21.20, the apparent hydrocarbon storage was lowered
from 20 to 3 g/L, effectively the same amount as an uncoated cordierite monolith.
As expected, the small pore zeolite had no significant exotherm for the subsequent
rapid temperature rise experiment (Fig. 21.21).

Furthermore, the new generation of small pore CHA zeolite catalyst formula-
tions was reexamined to determine tolerance to inhibition by propylene, benzene,
and n-decane [44]. The results indicated that the negative NOx conversion impact
due to benzene and n-decane were largely eliminated and only a modest impact
from propylene remained. Now Ford had a catalyst for SCR that not only reduced
the risk the HC storage/exotherm that could damage the cordierite substrate, but
was also more thermally robust to 900 �C that further mitigated risk of failure.

Fig. 21.20 HC storage after exposure to diesel fuel vapor at low temperature for zeolite-based
SCR formulations [19]. Catalysts A, B, and C contain beta zeolite while Catalyst D was Cu/CHA.
Copyright � SAE International. Reprinted with permission from 2008-01-0767
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Based on these findings, work continued with small pore zeolite catalysts for
application onto particulate filters. Results indicated additional tolerance to soot
and coke deposition due to diesel fuel exposure [7].

21.5.5 Precious Metal Poisoning

Diesel aftertreatment systems configured with a DOC upstream of urea SCR
catalyst run the risk of precious metal contamination. During active DPF regen-
eration events, the DOC bed temperature can reach up to 850 �C. Under these
conditions, precious metal (especially Pt) can be volatized and then deposited on a
downstream SCR catalyst. A diesel aftertreatment system consisting of a DOC,
urea-based SCR catalyst and DPF was aged and evaluated on a 6.4 liter diesel
engine dynamometer [26]. The SCR catalyst system consisted of Fe/beta followed
by Cu/beta. After approximately 400 h of engine operation at varied exhaust flow
rates and temperatures, a decline in NOx conversion was observed. A subsequent
detailed investigation revealed that the Cu catalyst was not deactivated but the
front half of the Fe catalyst showed severe deactivation. The deactivated portion of
the catalyst showed high activity of NH3 conversion to NOx and N2O formation.
The cause of the deactivation was suspected to be the presence of trace Pt
contamination below the detection limit of 0.002 wt % (20 ppm) by a conventional

Fig. 21.21 During temperature programmed oxidation (TPO), HC storage resulted in significant
exotherms over beta zeolite SCR catalysts (Catalysts A, B and C) compared to the Cu/CHA SCR
catalyst (Catalyst D) [19]. During TPO, the space velocity was 15,000 h-1 and there were no
HCs, 10 % O2, 5 % H2O, 5 % CO2, and balance N2. Copyright � SAE International. Reprinted
with permission from 2008-01-0767
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X-ray fluorescence (XRF) method. At first, an in-house probe reaction method was
used to detect the presence of Pt within the SCR catalyst. The reaction system
measured the conversion of ethylene to ethane at room temperature, allowing for
detection of Pt metal below 0.001 wt % (10 ppm). The presence of Fe, Cu, or Ni
did not interfere with the ethylene hydrogenation technique.

In order to duplicate what the Pt poisoning phenomenon found during dyno
aging, a laboratory technique was developed that caused sublimation of Pt from an
upstream DOC onto a downstream Fe catalyst by exposing the DOC to 850 �C for
16 h with a lean gas composition [8]. This precious metal volatilization method
was employed to screen various Pt/Pd-based DOCs for low precious metal con-
tamination risk over a downstream SCR. A correlation was developed that showed
a reduction in SCR catalyst contamination as the Pt:Pd ratio decreased. A Pd-only
DOC showed no impact to NOx conversion and no increase in N2O formation,
while a Pt-rich DOC showed the most impact negative impact. In addition to lower
risk of contamination, DOC formulations with higher Pd content demonstrated
enhanced CO and HC light-off stability after the hydrothermal 850 �C lean
exposure. The higher Pd content served to stabilize Pt in the DOC formulations,
resulting in less Pt vaporization. The vaporization of Pd from the DOC formula-
tions was determined to be very low. To study the relative impact of the precious
metal type, an incipient wetness technique was used to purposely dope 0.001 wt %
Pt, Pd, or Rh on the Fe formulation. The results shown in Fig. 21.22 indicate that
Pt had the most adverse affect on the NOx conversion while Pd and Rh had no
impact with the 0.001 wt % level.
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21.5.6 Sulfur Effects on Catalysts

It was known that Cu/beta SCR catalysts, unlike vanadia/titania, were affected by
sulfur poisoning [10]. The catalysts could be regenerated by routinely decom-
posing the sulfates at higher temperatures ([650 �C) under lean gas such as
encountered during an active filter regeneration event. Sulfur poisoning continued
to be a concern for the duration between regeneration events even with 15 ppm
ULSD fuel. Most studies on sulfur poisoning of base metal zeolite SCR catalysts
were based on SO2 as the poisoning agent. DOCs that were purposely designed to
enhance NO oxidation to NO2 will likely also oxidize a portion of the SO2 to SO3.
The type and amount of Pt in the DOC influenced this oxidation function, while Pd
was neutral. The relative impact of SO2 poisoning compared to SO3 poisoning was
studied to determine the implications of Pt/Pd DOC design on the sulfur poisoning
of the downstream Cu/CHA SCR catalyst [11]. Figure 21.23 shows the NOx
activity of the Cu/zeolite samples before and after sulfur poisoning by SO3 at 200,
300, and 400 �C. The low temperature NOx activities were significantly decreased
for all the samples after being exposed to 40 ppm SO3 for 1.5 h (ca. 500 sulfur
equivalent vehicle miles assuming 350 ppm sulfur fuel) regardless of the poi-
soning temperatures. The SCR catalyst needed to provide better than 90 % NOx
conversion in the 200–300 �C temperature range for typical diesel trucks over the
FTP-75 cycle. Notice that SO3 poisoning reduced the NOx conversion at 200 �C
from 95 to 10 %, regardless of the poisoning temperature. For the complimentary
poisoning study with SO2, the worst case involved an NOx conversion drop from
95 to 70 % (200 �C SO2 poisoning condition). Temperature programmed oxida-
tion (TPO) experiments indicated that the SO3 poisoned samples stored much
higher levels of sulfur compared to the SO2 poisoned samples. Most of the sulfur

Fig. 21.23 NOx conversion of baseline Cu catalyst sample compared to samples tested after
poisoning with SO3 at 200 �C, 300 �C, and 400 �C formulations [11]. Standard SCR evaluation
conditions were used (30,000 h-1, 4.5 % H2O, 5 % CO2, 14 % O2, 350 ppm NO, 350 ppm NH3,
balance N2). Copyright � SAE International. Reprinted with permission from 2009-01-0898
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released (as SO2) at 450 and 650 �C. Finally, exposure to lean high temperature
gas conditions over 700 �C was adequate enough to regenerate all the poisoned
samples and return the NOx conversion to the baseline level. This meant that the
sulfur impact could be managed by lean filter regenerations and Pd-rich DOCs.

21.5.7 Urea Injection/Mixing

It was known that urea mixing was important during the research program between
Ford and DOE. Bad mixing gave performance like a poor or degraded SCR
catalyst because it effectively used less of the catalyst for NOx conversion. A spray
target for aqueous urea was designed by FEV and used in conjunction with spray
against the exhaust flow direction [30]. An elongated entrance cone with a shallow
angle into the SCR catalyst also aided the distribution of the urea/water droplets
and improved NOx conversion. For the production program, it was decided to
adopt the shallow entrance cone but design a new mixer system that would allow
for injection of urea in the exhaust flow direction for greater injector robustness. It
also had to fit within the medium-duty exhaust package. Several mixer designs
were compared for spray uniformity. The best mixer design was the combination
of a so-called flap mixer followed by an auger-like ‘‘twist’’ or helical mixer [41].
The flap mixer improved spray dispersion and increased the breakup of droplets.
The helical mixer, installed in the entrance cone to the SCR catalyst, forced
exhaust gases and entrained droplets to follow a longer path that increased the time
for droplet evaporation. Uniformity of reductant at the front face of the SCR
catalyst approached 95 % or more. The new mixing system was put into pro-
duction in 2010 when urea SCR was launched on Ford diesel trucks.

21.5.8 Urea Specifications and Refill

The final barrier for implementing SCR commercially on diesel trucks was the
infrastructure for delivery of the appropriate concentration and purity of aqueous
urea. First, the business case for urea infrastructure was explored through col-
laboration between Ford, ExxonMobil, and DOE. A co-fueled urea/diesel concept
[1, 9, 20] useable to -20 �F was improved in reliability and durability and
demonstrated to DOE and EPA as a viable long-term solution [35]. Heaters were
designed for use in the urea tank and delivery system to prevent freeze and avoid a
‘‘winter grade’’ urea with potential for catalyst contamination due to additives like
glycols [33]. A study of the economics of an aqueous urea infrastructure for light-
duty service stations in the U.S. found that the long-term cost of bottled aqueous
urea for vehicle use could be approximately $3.66/gal, while co-fueled urea could
be as low as $1.50/gal in mass use [35]. However, co-fueling required a capital
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investment in excess of $25,000 for a new dispenser and urea tank that exceeded
what a small business owner with one diesel pump could likely afford.

Other feasibility/proof-of-concept studies were completed at about the same
time for light duty diesel urea infrastructure with similar results [48]. The next step
was to obtain cooperation between OEMs and suppliers and form a working group
to define specifications. This group, operating through USCAR, developed a trade
name for aqueous urea and defined specifications that were largely based on the
DIN specification in Europe for AdBlue� [12]. Aqueous urea is now sold in
bottles, drums, totes, and bulk dispensers under the name ‘‘Diesel Exhaust Fluid’’
or ‘‘DEF.’’ Costs for DEF in 2012 are running at about $2.89/gal in bulk and up to
$4.40/gal in 2.5 gal bottles, within the range of the prior business case study. A
diesel driver can now go to multiple websites, such as http://www.
dieselexhaustfluid.com/, and find places to buy DEF. What was once considered
a major hurdle is now commonplace.

21.6 Environmental Impact of Medium-Duty Diesels:
Current and Future

21.6.1 NOx Emissions

The LEVII medium-duty vehicle standards for NOx represented 70–80 % reduc-
tion from past LEV standards. Average medium-duty diesel truck sales from 2010
to 2012 were about 175,000 per year according to the R.L. Polk automotive sales
database, roughly split 50/50 between Class 2b (8,501–10,000 lbs GVW) and
Class 3 (10,001–14,000 lbs GVW). Assuming an average mileage of 12,000 mi/yr
and an NOx reduction of about 1 g/mi, there was an estimated 2,100 metric tons of
NOx per year not emitted by these trucks after 2010. Future standards offer even
further potential reductions. Comparison of current LEVII and future LEVIII
medium-duty vehicle standards can be found in Fig. 21.24. Certification data from
all 2012MY diesel trucks meeting LEVII are included for reference [14]. All of
these trucks use urea SCR except for one (Dodge Ram with lean NOx adsorber). It
is important to note that LEVIII standards will consist of combined NMOG +
NOx, giving more room for OEMs to vary the NOx/HC tradeoff for best efficiency
and cost effectiveness. SULEV150 means 150 mg/mi (0.150 g/mi) NMOG + NOx
and SULEV200 means 200 mg/mi (0.200 g/mi) NMOG ? NOx, and these are the
lowest certification levels anticipated for Class 2b and 3. LEVIII will require
150,000 mi of durability while LEVII required 120,000 mi. Evidence exists for the
ability for urea SCR to meet these future standards by the current certification of at
least one OEM shown in Fig. 21.24.
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21.6.2 Greenhouse Gas Footprint (CO2, CH4, N2O)

The majority of 2010+ medium-duty diesel trucks use urea SCR. Comparison of
Class 2b/Class 3 peak torque brake specific CO2 for medium-duty vehicles show a
reduction of about 50 g/kWh, or roughly 6–7 % [50]. At light to moderate loads
the CO2 advantage for SCR-equipped diesel is [10 %. The methane contribution
of these trucks is small at approximately 25 mg/mi, and is virtually unchanged
over the catalyst system. It is known that nitrous oxide (N2O), a powerful
greenhouse gas, can be created in exhaust gas catalysts, including gasoline TWCs
[45]. The global warming potential of N2O is approximately 298 times that of CO2

on a mass basis [17], so even the creation of a small amount of N2O is of concern.
Following the medium-duty guidelines recently set by the U.S. E.P.A. (United
States Environmental Protection Agency), the reported N2O value for a particular
vehicle line is a weighted composite with 55 % city (FTP-75) weighting and 45 %
highway (HWFET) weighting, similar to the current approach for CO2 reporting.
The potential sources of N2O were compared in the laboratory flow reactor and on
the system level with a production diesel truck at 9,500 lbs [40]. It was found that
the interactions of HC with NOx on the DOC and NO2 with NH3 within the SCR
catalyst were the predominant mechanisms for N2O formation. The composite
N2O mass emission was calculated to be approximately 43 mg/mi, resulting in an
equivalent CO2 penalty of about 2 %, similar to the 1–3 % penalty estimated for
the global light-duty vehicle fleet [2]. The formation of N2O was minimized
through the use of low-loaded, Pd-rich DOCs and Cu/CHA SCR catalysts.

21.6.3 Use of Base Metals, Pd Rich Catalysts

The catalyst evolution for Ford’s U.S. medium-duty diesel trucks included a
migration from low or no precious metal DOCs to Pt-rich DOCs, and finally to
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today’s Pd-rich DOCs. This migration toward and then away from Pt took place
over the course of only 5 years as new emission requirements phased in and new
catalyst technology became available through work at Ford and its suppliers. In
addition, the lean NOx technology of urea SCR used low-cost Cu instead of
precious metals. The extensive use of Cu was enabled by the development of small
pore zeolites for automotive applications that met the low temperature perfor-
mance requirements and had high temperature durability. To gain perspective on
the overall precious metal usage of diesel trucks, it was important to compare to a
similar truck with a gasoline engine and a TWC system. Had diesels closed the gap
with gasoline PGM (Pt group metal) use? The total precious metal usage of Ford’s
diesel trucks had crept up due to the addition of DPFs and the need for robust
active regenerations, plus the desire for low temperature SCR performance
improvement via NO2 generation. Between 2005 and 2010, the precious metal
usage had roughly quadrupled with increasing emissions stringency (Fig. 21.25).
The ‘‘Job 1’’ or J1 (first truck produced) for the 2011MY (MY = model year) was
in April 2010 with the launch of urea SCR and catalyzed DPF. Pt equivalency was
calculated by applying the cost ratio between other precious metals and Pt and it
increased proportional to the overall PGM. Later in the 2011MY (J2), Ford
introduced Pd-rich DOCs (Nov 2010), causing a significant drop in equivalent Pt,
although the overall precious metal use stayed the same. This was accomplished
by replacing the DOCs with 2:1 Pt:Pd by DOCs at 1:4 Pt:Pd. However, the Pt
equivalence is still much higher than a similar gasoline-powered truck with a
Pd-Rh TWC meeting the same LEVII emission standards. Future model years will
include overall PGM reductions for diesels. It is also important to note that there
are other costs associated with catalyst systems including substrates, washcoats,
canning, etc., that are not taken into consideration here. Diesel catalyst systems are
considerably larger than gasoline catalyst systems.
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21.7 Conclusion

Diesel aftertreatment systems operate within a window of constraints including
cost, fuel economy, and emissions. These constraints determine the range for
exhaust temperature, flow rate, and mass flux of chemical species that becomes the
basis for the catalyst system design (size, formulation, etc.). Designing a catalyst
system for high efficiency that will go on a large Class 2b/3 diesel truck known for
its toughness and durability was formidable. Early research into urea SCR systems
suggested that the technology had the potential to meet future NOx emission
standards. Ford became a leader in urea SCR technology through early concept
studies that proved sound enough to migrate into a production program. Chal-
lenges were overcome during the course of the 10+ year catalyst system devel-
opment that maximized performance and fuel economy of the exhaust system and
reduced cost. The location of SCR upstream of the DPF was essential for cold start
NOx performance and better fuel economy. Cu/zeolite was selected as the SCR
catalyst over more traditional vanadia/titania and iron/zeolite due to its lower
dependence on feed gas NO2 for low temperature NOx reduction. DOCs were
optimized from Pt to Pd-rich formulations that improved thermal stability, reduced
cost, and minimized SCR poisoning by precious metals and SO3. Risks such as
SCR thermal stability and HC storage on the SCR catalyst were minimized by
adopting small pore zeolite (CHA) in lieu of the better known beta zeolite. Items
associated with the use of an external reductant for lean NOx control, such as urea
injection, urea mixing, ammonia storage by the SCR catalyst, ammonia slip, urea
specifications, and urea refill became manageable items once the direction to adopt
urea SCR technology was set. There is still more work to do to further reduce cost
and robustly meet future LEVIII emission standards. However, it is clear that the
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launch of urea SCR systems on Ford diesel trucks was a success in terms of NOx
and GHG emissions saved and the first widespread use of a base metal/zeolite
catalyst for automotive exhaust gas aftertreatment. A summary of the timeline and
important milestones are given in Fig. 21.26.
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Chapter 22
Model-Based Approaches to Exhaust
Aftertreatment System Development

Michel Weibel, Volker Schmeißer and Frank Hofmann

Abbreviations and Symbols

Latin Symbols
C Species concentration (mol=m3)
E Activation energy (J)
ki Pre-exponential kinetic parameter mol � K= m2

pts
� �� �

k0;i Pre-exponential kinetic parameter constant mol � K= m2
pts

� �� �
R Ideal gas constant J= kg Kð Þð Þ
SV Space velocity (1/h)
T Temperature (K)

Greek Symbols
g NOx conversion, DeNOx performance [-]
h, hNH3 Normalized NH3 load [-]

Abbreviations and Indices
a Activation
AdBlue DEF (Diesel exhaust fluid)
ASC Ammonia Slip Catalyst
DOC Diesel Oxidation Catalyst
out Catalyst downstream
DPF Diesel Particle Filter
ECU Electronic Control Unit
ExACT Exhaust Aftertreatment Components Toolbox
HC Hydrocarbons
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HiL Hardware In the Loop
i Reaction number
in Catalyst upstream
inh Inhibition
j Parameter number
max Maximum
NSC NOx Storage Catalyst
s Solid
SiL Software In the Loop
TWC Three-Way Catalyst
WHTC World Harmonized Transient Cycle

22.1 Introduction

One major challenge for car manufacturers since several years is to be compliant
with the stringent emission standards for internal combustion engines, especially in
Europe and in the US. Besides the treatment of standard pollutants like CO, NOx,
and HC, the emission of CO2 has gained increasing environmental relevance due
to its greenhouse potential. Further reduction in CO2 emissions for lean-burn
engines is, in general, correlated with an increase of NOx raw emissions and
requires improved aftertreatment systems.

The stringent exhaust emission levels in the US as well as future European
emission standards considering also Real Driving Emissions represent a huge
challenge in the development of efficient exhaust aftertreatment technologies. For
lean-burn engines and especially for the diesel engine, proven technologies like the
diesel oxidation catalyst (DOC) or the three-way catalyst (TWC) are not capable
of reducing the NOx under lean conditions. Therefore, new catalytic systems have
been developed in order to selectively reduce the emissions of NOx with high
efficiency.

In the past years, two major catalytic approaches to NOx reduction have been
developed. The most popular is the SCR technology based on NH3 as the reducing
agent, which is generated from AdBlue injected in the exhaust line. This tech-
nology was first introduced on the market for truck application in relation to
EURO IV/V emission standards. In the meantime, this technology was also
developed for diesel passenger car application [1] and enables high performance in
the reduction of NOx. A second technology, the NOx storage catalyst, represents
an attractive alternative mainly for passenger car application. This technology was
developed in the mid-1990s and first published by Toyota for lean-burn gasoline
engine application [2]. A further approach consisted in combining both technol-
ogies using NH3 generated on-board over the NSC as the reducing agent for the
downstream SCR brick. This technology was developed by Daimler and launched
on the US market in 2006 as part of the global emission package BlueTEC [3].
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The main common characteristic of all these technologies is the high degree of
complexity resulting in strong interaction between the operation of the exhaust line
and the management of the engine. Therefore, to reduce the cost and development
efforts, modeling and simulation approaches represent an essential step in the
development process. Furthermore, since the exhaust system is composed of
several catalyst bricks, including generally a DOC, DPF, and SCR or NSC, strong
interactions between the devices have to be considered. An optimization of the
whole exhaust system is therefore only possible with detailed modeling of the
separate bricks and a global approach of the system management.

Looking ahead, Daimler started being active in modeling of exhaust after-
treatment at the end of the 1990s, since appropriate commercial tools or models
were not available at that time. Besides having the leading role in corporate
research projects of the FVV e.V. on the modeling of NOx reduction steps
(DeNOx model I–III, [4–6]), Daimler continued its own model development in
cooperation with internationally well-known research groups in the field of
exhaust aftertreatment. These cooperations led to numerous publications on the
understanding of DOC, TWC, NSC, as well as SCR and ASC reaction mecha-
nisms and on the development of corresponding models [7–13]. Based on this, a
system simulation tool named ExACT was developed at Daimler for supporting
and improving the development work on the test bench. ExACT includes models
for the different exhaust aftertreatment components (filters and catalysts) as well
as models for the connecting pipes and for the injection of an additional reducing
agent like AdBlue. The simulation tool allows the prediction of emissions for all
pollutants under variable conditions. The main objective of the simulation work
is to develop control strategies for the whole aftertreatment system and to opti-
mize the design and size of the system.

In the past years, modeling work got more and more important and is now
playing a major role in the development procedure of exhaust aftertreatment
systems. A global approach using SiL and HiL is currently the most efficient way
for developing complex systems including engine and exhaust systems [14]. The
following sections describe the simulation methods in the development process
and give an outlook on the application of models in the ECU for on-board model-
based SCR control.

22.2 Modeling of the Exhaust Gas Aftertreatment System

22.2.1 Total System Simulation

Automotive exhaust aftertreatment systems of modern passenger cars and heavy
duty vehicles have complex configurations and operating control management.
The systems consist not only of several aftertreatment devices, such as catalysts
and particle filters, in addition, dosing systems for fuel or AdBlue, mixers, tubes
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and sensors for temperature, pressure, or gas concentrations are installed. All these
devices have to be described mathematically in order to simulate the complete
aftertreatment system. Furthermore, simulations in the automotive development
process require short computational times. Thus the models must not be too
complex, but nevertheless have to predict the system behavior within a wide range
of operating conditions.

All models should be integrated and connected in a virtual environment that
provides a robust tool and is flexible enough to be adapted quickly or coupled with
other simulation tools. At Daimler, an exhaust aftertreatment simulation tool
called ExACT (Exhaust Aftertreatment Components Toolbox) has been developed
in-house. It is based on MATLAB/Simulink, while the Fortran-based models
themselves are integrated as S-functions.

22.2.2 Model Structure

This chapter focuses on the description of catalytic converters only. To comply
with the above-mentioned requirements, a chemically and physically based
description of the processes in the catalytic converter is necessary. It is important
to model these processes separately so that physical and chemical effects are not
mixed. This is a precondition, e.g., to enable scale-up simulations regarding cat-
alyst size or to transfer kinetic parameter sets from one catalyst geometry onto
another.

Due to its monolithic structure, the catalyst can be represented by a single
monolith channel (Fig. 22.1) if a uniform gas flow distribution over the whole
catalyst frontal area is assumed [15–18]. This is nearly the case for the major part
of operation, justifying a simplified 1D consideration instead of a 2D model.

Heat exchange with the environment can often be neglected due to the insu-
lating mat between the catalyst and its canning. Otherwise, e.g., during operation
without internal exhaust flow (soak time, electric driving), where heat loss can play
a role, heat transfer from the channel to its surroundings must be considered. The
monolith channel itself can be described mathematically as a plug-flow reactor
with basically two phases: the gas phase with laminar axial flow under all relevant
conditions and the washcoat layer (or solid) phase at the monolith wall, where
heterogeneously catalyzed reactions take place [20, 21]. Homogeneous gas reac-
tions can occur at very high temperatures ([600 �C), but are always of less
importance compared to the fast heterogeneously catalyzed reactions. Along the
channel, convective mass and heat transport take place in the gas phase, while
mass and heat transfer between the gas and the washcoat phase occurs perpen-
dicularly to the axial direction. The latter can be described by a linear driving force
approach with transfer coefficients derived from correlations using the dimen-
sionless Nusselt and Sherwood number [15]. The gaseous mass flow rate can be
considered constant along the channel, since changes in the total molar amount
caused by reaction and accumulation are negligibly small. Inside the washcoat
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(solid phase), internal diffusion in radial direction, catalytic surface reactions, and
mass accumulation occur as well as heat accumulation and heat conduction in both
axial and radial directions. To capture radial transport phenomena, the model must
be set up in a 1 ? 1D structure.

The chemical reactions are commonly described by global reactions and rate
formulations of the Langmuir–Hinshelwood type. Such a description requires less
computational effort compared to detailed elementary step mechanisms. However,
kinetic parameters must be fitted to measurement data in advance. More details on
the model equations and the numerical solution of the resulting system can be
found elsewhere [15, 16, 20, 22–25].

22.2.3 Kinetics and Parameterization

Global reactions are widely used to describe catalytic converters. Their rate for-
mulations typically consider educt species gas concentration, molar fraction, or
partial pressure in the washcoat phase and a kinetic coefficient ki of each reaction i,
which is calculated using an Arrhenius type expression to account for the tem-
perature influence of the reaction rate, cf. Eq. (22.1).

ki ¼ k0;i � exp
�Ea;i

RTs

� �
ð22:1Þ

Fig. 22.1 Schematic of a representative single monolith channel [19]
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Rate formulations can further include inhibition terms in the denominator,
accounting for the effect of coverage of active surface sites by adsorbed species,
decreasing the activity of the catalyst. These terms are often adopted from [22] and
can also consider inhibition by adsorption on separated catalytic active sites. The
inhibition coefficients Kinh,j are calculated according to Eq. (22.2):

Kinh;j ¼ Kinh0;j � exp
Einh;j

Ts

� �
: ð22:2Þ

The pre-exponential factors ki, Kinh,j and the activation energies Ea,i and Einh,j

are kinetic parameters which have to be determined. As they cannot be obtained
directly from experimental investigation, they must be adapted iteratively com-
paring simulation results with measurement data. The measurement data for this
purpose must be generated under well-defined conditions for the considered
reactions or effects, requiring a precise knowledge of gas concentrations, mass
flow, and catalyst temperature. These measurements are usually carried out with
synthetic exhaust gas, because the experimental settings can be varied indepen-
dently over a wide range and are reproducible.

A typical automotive catalyst model contains easily more than ten reactions.
Thus, the necessity to adapt 40 or more parameters can end up in a lengthy kinetic
parameterization procedure. As the kinetic behavior is affected by the SCR
washcoat loading as well as by poisoning or aging of the catalyst, the parameters
must be adapted for each state of the catalyst to enable the model to describe the
performance of each catalyst condition. An effective and robust way of model
parameterization is required to satisfy this demand in the simulation-assisted
development process. This includes also the generation of appropriate kinetic data
for the considered catalyst. Therefore ongoing efforts are made to improve and
speed up the parameterization process. This can be realized by improvements in
the applied parameter optimization tool, increasing computational effort (computer
clusters) or knowledge of correlations between kinetic parameters and the catalyst
status, e.g., the effect of thermal aging on the parameters.

22.3 Simulation Methods in the Development Process

22.3.1 Demands of the Development Process

The modern development process requires results and estimations from simulation
at an early stage, prior to the manufacturing of first prototypes. In the context of
exhaust aftertreatment they help, for example, to reduce the number of costly test
bench runs since they enable an early orientation on promising approaches. Fur-
ther, the huge diversity in requirements, that originates from different markets, can
only be covered effectively in the development process in future by assisting
simulations. Exhaust gas aftertreatment simulations have to provide equivalent
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information as gained from engine test benches. This is achieved by the appli-
cation of the models mentioned above. Furthermore, the interaction with the
engine and electronic controllers must be considered as well, in order to cover
further aspects and tasks of the development process.

22.3.2 The Virtual Testbench Concept

To consider not only the exhaust aftertreatment devices but also other involved
parts of the powertrain, the virtual testbench concept has been established. Here,
additional devices and their functions are included in the simulation tool, for
example, electronic control units (ECUs) or parts thereof. This is realized either by
including representative models into the system simulation, or by coupling the
simulation with the hardware, being operated in parallel.

22.3.3 Development of an AdBlue� Dosing Control Strategy

In this chapter, the application of the virtual testbench as part of the development
process is demonstrated. In this case, the virtual testbench represents the SCR
system of the aftertreatment of Diesel exhaust, i.e., the SCR catalyst itself and the
necessary algorithms for control of the AdBlue dosing into the exhaust stream, cf.
Fig. 22.2. These algorithms are coupled with the catalyst model in the same
manner as they are implemented in the control unit. However, the injection of
AdBlue, its processing, and the generation of NH3 are not directly modeled. Ideal
NH3-generation is assumed instead.

22.3.3.1 Tasks

The proceeding during the simulative approach can be divided into three parts with
different tasks.

During the first part, data maps required by the dosing control unit are gener-
ated. These maps can be easily and systematically generated by simulation.

In the second part of the process, a suitable operation strategy for the SCR
catalyst must be developed. This covers the determination of a robust control
concept and its mathematical integration into the control unit algorithms. This task
can be carried out without using a real testbench and engine.

The third part deals with the optimization of the catalyst configurations, based
on the developed dosing strategy.

The content of these three steps will be explained in the following.
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22.3.3.2 First Part: NH3 Load Maps for the Dosing Control Unit

The SCR catalyst—especially based on Cu-ion exchanged zeolites—requires a
high NH3 load amount to reach high NOx-conversion efficiency. This is shown
schematically in Fig. 22.3, comparing an Fe- and a Cu-based SCR catalyst.

Therefore, the AdBlue dosing rate must be high as long as the catalyst is empty
in order to quickly increase load and conversion rate. On the other hand, when the
catalyst is filled with NH3, the dosing rate must be equivalent to the NH3 con-
sumption, depending on NOx level in the gas and its conversion. Both storage
capacity and NOx-conversion strongly depend on temperature, and conversion is,
in addition, affected strongly by mass flow and NO2/NOx-ratio, so that NH3 load
and AdBlue dosing must be adapted according to these operating conditions.
Under all conditions, however, NH3 slip must be avoided. This means that NH3

emissions in the exhaust gas downstream the SCR brick must be kept below a
certain level, e.g., 10 ppm. Hence, a trade-off exists between high NH3 load of the

Fig. 22.2 Virtual testbench covering the SCR system

NOx Conversion  vs. NH3 Storage
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NOx
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Fig. 22.3 NOx-conversion
(g) and NH3 slip versus NH3

load time or mass, comparing
the behavior of Fe- and
Cu-zeolite SCR catalyst
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SCR and the risk of NH3 slip. As a consequence, the ideal state of the catalyst at a
certain operating point would be an NH3 loading amount which provides the
maximum possible NOx-conversion at an NH3 slip of just below 10 ppm.

This optimization problem is solved iteratively using the virtual testbench. A
high number of operation conditions is therefore simulated, varying systematically
exhaust mass flow, gas temperature, NOx level, and NO2/NOx-ratio. An optimi-
zation algorithm determines the ideal amount of NH3 load which is acceptable
before slip becomes too high. The result of this optimization task is a set of maps
providing the ideal level of NH3 load of the SCR, used by the control unit during
operation. A typical NH3 load map is depicted in Fig. 22.4.

If the ideal NH3 load is extracted from the maps for a specified driving pattern,
the resulting maximum loading level can be plotted versus time, shown sche-
matically as dotted blue line in Fig. 22.5.

22.3.3.3 Second Part: Dosing Control Concept

The next step is the development of the dosing control strategy, based on the ideal
NH3 load. Therefore, the current NH3 load of the SCR catalyst and the ideal one
for the considered operating conditions have to be compared. If the current load is
too low, AdBlue dosing must be increased. If the load is too high, dosing must be
reduced (cf. Fig. 22.5). For this purpose an estimation model has to be defined,
which balances the NH3 amount entering the catalyst, and the amount being
converted by reaction with NOx and by oxidation with O2. The difference is the
amount which is stored on the catalyst. For this calculation, the current NH3-
conversion must be known for each operating point. These conversion values,
generated by simulation in the same way as the NH3 load values described above,
are stored in another set of maps (Fig. 22.6).

Fig. 22.4 Normalized NH3
load as function of the
exhaust gas, mass flow, and
temperature
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Further, the manner of over or underdosing in dependence of current and ideal
NH3 load must be defined. Therefore, a range of ideal loading is considered rather
than the exact maximum load. This is visualized by the green band in Fig. 22.5.
The range is characterized by its width and position relative to the ideal maximum
load (blue line). The actual NH3 load of the SCR (red line) should be inside the
ideal range. Although a load near the ideal maximum level should not lead to NH3

slip above 10 ppm, the safety margin is introduced in the control task, especially
for compensation of transient effects. The main transient effect is a sudden rise in
exhaust gas temperature, heating up the SCR brick and causing a desorption of the
stored NH3. Assuming a worst-case temperature ramp, the parameters defining the
optimal loading range can be determined iteratively by simulation, together with
the factors for over and underdosing.

Fig. 22.5 Top Time evolution of the SCR catalyst temperature. Bottom Schematic diagram of
the time evolution of the ideal and actual SCR NH3 load. In order to avoid NH3 slip in the case of
rapid catalyst heating the tolerance range is well below the SCR steady-state NH3 load
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Fig. 22.6 Scheme of dosing
control concept by comparing
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actual (estimator) NH3 load
of the SCR catalyst
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22.3.3.4 Third Part: Optimization of the Catalyst Configuration

For the NH3-SCR technology, as a well-established DeNOx method for purifying
lean exhaust gas, different catalyst technologies exist, e.g., Fe- or Cu-exchanged
zeolite systems, Vanadia SCR, and nonzeolite catalysts. Each technology shows
advantages and disadvantages so that their selection depends on the specifications
of application conditions. For the application considered here, Fe- and/or Cu-SCR
are the choice.

Fe-SCR catalysts show a very good NOx-conversion behavior, but this tech-
nology requires an NO2/NOx-ratio in the exhaust gas close to 50 %. On the
contrary, Cu-SCR catalysts are less dependent on the NO2/NOx-ratio, thus
showing high activity already at low NO2-fractions, which is mostly the case at
lower temperatures. However, Cu-SCR catalysts reveal a much higher NH3-stor-
age capacity (see Fig. 22.3), thus a higher amount of AdBlue must be provided in
advance. These characteristic differences are compared in Fig. 22.7, showing the
NOx-conversion versus NO2/NOx-ratio for both technologies.

To overcome these issues, a combination of both technologies can be used for
aftertreatment. For example, an Fe-SCR can be used as first part of the SCR
system, followed by a Cu-SCR. The Fe-SCR in first position will reach a high
activity earlier than a Cu-SCR, because it requires a lower amount of NH3 load.
Further, since an NO2/NOx-ratio close to 50 % before SCR is never perfectly
matched over the full operation range, either NO or NO2 will leave the catalyst as
the only NOx species, if NOx is not fully converted. Now, with an NO2/NOx-ratio
going either toward zero or one, this is a condition where the Cu-SCR as second
brick may be favorable.

The configurations can principally vary in their arrangement (Fe- or Cu-SCR
first) and in their length ratios (e.g., 1/2, 1/1, 2/1), as shown schematically in
Fig. 22.8.

Fig. 22.7 Steady-state NOx-conversion of Fe- and Cu-SCR catalysts in dependence of the inlet
NO2/NOx-ratio, according to [26]
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The optimal configuration of the SCR bricks can be determined now by means
of simulation and evaluation of driving cycle for each configuration, applying the
dosing control strategy described above. Prior to this, the optimal NH3 load maps
used by the dosing control must be determined for each SCR configuration. This is
an extensive proceeding for the determination of the best system, but can be
executed efficiently with the virtual testbench concept. The single steps in this
proceeding are illustrated in Fig. 22.9. After having identified the most promising
configurations, their investigation is continued at the engine test bench, called real
system validation in Fig. 22.8. Here, it is in general necessary to adapt the maps
used by the control unit according to the real behavior of the considered catalysts.
This is for example the case, if the simulation with the used set of kinetic
parameters does not perfectly match the real behavior of the SCR system. For this
adaption, however, it is not necessary to determine the complete map contents
again. It is sufficient to shift the map level relative to dedicated basic points.

22.3.3.5 Results and Conclusion

The results of the driving cycle simulation and the advantage of an Fe-Cu-SCR
combination are discussed in the following, respectively, for an Fe only, Cu only,
and a 1:2-Fe-Cu system. Figure 22.10 shows their DeNOx performance in terms of
accumulated NOx mass downstream of the SCR for the cold and hot part of a
WHTC. In the cold part of the cycle, Fe only (red) and Cu only (blue) show a
comparable DeNOx performance of ca. 80 %, while the Fe-Cu-combination
(violet) reaches more than 83 % conversion. In the hot part, however, the Cu only
system (97.4 % NOx conversion) is clearly better than the Fe only (93.8 %), but
again the Fe-Cu-combination exceeds this performance with 98.2 %. Although
these differences in conversion seem to be rather small, they can lead to huge
differences in the end-of-pipe emissions, as modern aftertreatment systems operate
with very high conversion rates.

It is important to point out that the optimal catalyst combination would not have
been identified if the appropriate dosing control had not been applied. In other

Fig. 22.8 Possible Fe-Cu-
SCR catalyst combinations,
varying in order and size
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words, with a simple alpha = 1 dosing strategy or without using the specific NH3

load maps, the simulation would not predict the best NOx conversion. This can be
seen from the DeNOx performance of an Fe-Cu-combination with a simple
alpha = 1 dosing strategy, shown as a green curve in Fig. 22.10.

The evolvement of the resulting NH3 load level according to the described
AdBlue dosing control strategy is shown representatively for the Fe-Cu-SCR
combination during the WHTC hot part in Fig. 22.11 (bottom). The ideal load
(thin line) is plotted together with the actual load of the SCR (bold line). The
actual load starts from its preloading level and decreases to get below the safety
margin during the first few hundred seconds. Due to the steep increase in the ideal
load, starting at ca. 250 s, the actual load is too low soon afterwards, so that
AdBlue overdosing takes place to increase the actual load. It finally stabilizes
within the safety margin (700–1400 s: dosing rate equal to consumption). After

Fig. 22.9 Illustration of the steps during optimization of the SCR catalyst configuration

Inlet

Inlet

Fig. 22.10 Accumulated NOx mass ahead and after SCR of the Fe only, Cu only and Fe-Cu-
combination SCR system during cold and hot WHTC. All data are normalized with the end-of-
cycle inlet NOx mass
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this period, the ideal loading level drastically decreases due to the exhaust gas
temperature rise in front of the SCR (cf. Fig. 22.11, top), so that underdosing takes
place and leads to the reduction of the actual NH3 load. However, it could not be
avoided that the actual load exceeds the ideal one in this example, increasing the
risk of NH3 slip. Nevertheless, the slip did not exceed the 10 ppm limit.

This example shows the complexity of the development process already for
only one part of the aftertreatment system, consisting of dosing control and SCR
catalyst. The simulative approach helps immensely to speed up the development
process and to save engine test bench resources. In this regard, the generation of
the optimal load maps by simulation plays the major part.

22.4 Outlook: On-board Model-Based SCR Control

A further promising step in using modeling is the development of control strategies
based on chemical/physical models which are implemented in the ECU. The
model-based approach permits the replacement of the standard maps, which are
typically generated by performing comprehensive measurements on the engine test
bench. Simplified catalyst models adapted for ECU implementation offer the
advantage to be modular, and they can be easily parameterized for different

Fig. 22.11 Top gas temperature before SCR catalyst versus time. Bottom actual NH3 load (red
line), ideal loading range (green area), and NH3 storage capacity (blue line). WHTC hot, Fe-Cu
catalyst combination
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exhaust configurations. In the case of the SCR technology, the model-based
control of the system allows a more accurate control of the AdBlue dosing amount.
Since the SCR model describes the chemical reactions inside the catalyst, the
dosing strategy can be easily adapted to the requirements of the system and can
take into account for changes in the status of the system, e.g., aging over time.
Furthermore, the efficiency of the system can be enhanced through the develop-
ment of dosing control strategies, e.g., based on NH3 storage, also considering
different types of SCR bricks in a serial configuration. Calibration and testing of
the models can be done offline and independently of the engine/vehicle configu-
ration, leading thus to substantial gain in the development time and cost.

22.5 Summary

Since exhaust aftertreatment systems have to be more and more efficient, the
performance and complexity of the systems increased dramatically over the past
years. Especially for the treatment of NOx emissions from lean-burn engines, two
main concepts have been developed. The first one uses SCR catalysts and requires
an additional injection of AdBlue. Its efficiency is strongly dependent on current
operating conditions, e.g., on the inlet NO2/NOx ratio. The second, consisting of a
NOx storage catalyst, requires an active management of the engine operation
through periodical rich spikes for regeneration and also for desulfation of the
catalyst. If combining both technologies with on-board generation of NH3 over the
NOx storage catalyst, interactions between both catalytic systems have to be
considered. This means that current exhaust aftertreatment systems require an
active control management of the catalysts themselves as well as of the engine and
its operation mode. Furthermore, the systems have to be configured and calibrated
for a large variety of engine/vehicle combinations and markets. All these aspects
obviously demonstrate the increasing requirements of the development process,
and development cycles are getting shorter. Therefore front loading work using
modeling of all components and simulation of the total system is of major
importance for the comprehension of the whole system and the development of
suitable prototypes and control strategies.

As reported in Chap. 2, all aftertreatment devices have to be described math-
ematically with high accuracy. Therefore, all chemical reactions and heat transfer
phenomena are represented in a chemical and physical form. Since computational
time has to be kept short, global reactions and rate formulations based on Lang-
muir–Hinshelwood type are considered. Moreover, the calibration of the models
represents a major step in the modeling work, requiring time and costs and directly
affects the accuracy of the simulation of exhaust aftertreatment systems. For the
development of control strategies, it is necessary to consider all affected aspects of
the powertrain in form of a virtual test bench. The overall simulation tool includes
the catalytic parts but also devices like sensors and ECU functions, which interact
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with the exhaust aftertreatment system. Thus, as reported in Chap. 3, suitable
control strategies of the system can be developed and tested for different exhaust
aftertreatment/engine configurations.

As reported in Chap. 4, the models can be adapted for a direct implementation
in the ECU of the engine. Such a method allows more accurate dosing strategies
(e.g., in the case of the SCR technology) and takes into account the actual state of
the catalysts (e.g., aging). Furthermore, the ECU is able to manage the combi-
nation of catalytic systems in series with different chemical and physical proper-
ties. Since the method is based on chemical reactions and physical properties of the
system, it can be easily adapted to different catalyst geometries, different
engine/vehicle combinations, and is suitable for all aftertreatment technologies.

Front loading work using simulation is a key phase in the development process
of exhaust aftertreatment systems and enables through SiL and HiL methods,
considering the whole powertrain, to develop systems with a very high efficiency.
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(2007) Current Status of Modeling Lean Exhaust Aftertreatment Catalysts. Advances in
Chemical Engineering, 33, 104–211
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