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Preface

Heterogeneous catalytic processes are among the main ways to decrease the consumption of

raw materials in chemical industries and to decrease the emission of pollutants of all kinds to

the environment via an increase in process selectivity. Selectivity can be improved by the

modification of catalyst composition and surface structure and/or by the modification of

pellet dimensions, shape, and texture, i.e., pore size distribution, pore shape, length, and

cross-sectional surface area (distribution). Until recently, the limiting factor in the latter

modifications has been the particles’ size, to which the length of diffusion in pores is related.

The size should not be too small because of the significantly higher pressure drop for such

small particles. Shell catalysts, which contain catalytic species concentrated near the outer

particles’ surface, are a remedy for improving selectivity and keeping pressure drop at a

reasonable level. Pressure drop can be the limiting factor even for such catalysts, e.g., when

large quantities of raw materials must be processed or when the higher pressure drop results

in a significantly higher consumption of raw materials. For instance, converting huge

amounts of natural gas in remote areas would require equipment characterized by low

pressure drop. Otherwise the cost of processing would be too high to make the process

economical. Too high a pressure drop in catalytic car mufflers would result in an increase in

fuel consumption by several percent. This would mean a several-percent-higher consumption

of crude oil for transportation. An inherent feature of conventional packed-bed reactors is

their random and structural maldistributions. A structural maldistribution in fixed-bed

reactors originates from the looser packing of particles near the reactor walls. This results in a

tendency to bypass the core of the bed, even if the initial distribution of fluid(s) is uniform.

The uniformly distributed liquid tends to flow to the walls, and this can drastically alter its

residence time from the design value. Random maldistributions result in: (1) a nonuniform

access of reactants to the catalytic surface, worsening the overall process performance, and

(2) unexpected hot spots and thermal runaways of exothermic reactions (mainly in three-

phase reactions).

Structured catalysts (reactors) are promising as far as the elimination of these drawbacks

of fixed beds is concerned. Three basic kinds of structured catalysts can be distinguished:

1. Monolithic catalysts (honeycomb catalysts), in the form of continuous unitary

structures that contain small passages. The catalytically active material is present

on or inside the walls of these passages. In the former case, a ceramic or metallic

support is coated with a layer of material in which active ingredients are dispersed.

2. Membrane catalysts are structures with permeable walls between passages. The

membrane walls exhibit selectivity in transport rates for the various components

present. A slow radial mass transport can occur, driven by diffusion or solution/

diffusion mechanisms in the permeable walls.

3. Arranged catalysts. Particulate catalysts arranged in arrays belong to this class of

structured catalysts. Another group of arranged catalysts are structural catalysts,

derived from structural packings for distillation and absorption columns and static

mixers. These are structures consisting of superimposed sheets, possibly corrugated

before stacking. The sheets are covered by an appropriate catalyst support in which

active ingredients are incorporated. The structure is an open cross-flow structure

characterized by intensive radial mixing.
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Usually, structured catalysts are structures of large void fraction ranging from 0.7 to

more than 0.9, compared to 0.5 in packed beds. The path the fluids follow in structured

reactors is much less twisted (e.g., straight channels in monoliths) than that in conventional

reactors. Finally, structured reactors are operated in a different hydrodynamic regime. For

single-phase flow the regime is laminar, and the eddies characteristic of packed beds are

absent. For multiphase systems various regimes exist, but here also eddies are absent. For

these reasons, the pressure drop in structured catalysts is significantly lower than that in

randomly packed beds of particles. Indeed, the pressure drop in monolithic reactors is up to

two orders of magnitude lower than that in packed-bed reactors.

Catalytic species are incorporated either into a very thin layer of a porous catalyst

support deposited on the structured elements or into the thin elements themselves. The short

diffusion distance inside the thin layer of the structured catalysts results in higher catalyst

utilization and can contribute to an improvement of selectivity for processes controlled by

mass transfer within the catalytic layer. In contrast to conventional packed-bed reactors, the

thickness of the catalytic layer in monolithic reactors can be significantly reduced with no

penalty paid for the increase in pressure drop. Membrane catalysts provide a unique

opportunity to supply reactants to the reaction mixture gradually along the reaction route or

to withdraw products from the reaction mixture as they are formed. The former mode of

carrying out complex reactions might be very effective in controlling undesired reactions

whose rates are strongly dependent on the concentration of the added reactant. The latter

mode might result in higher conversions for reversible reactions, which are damped by

products. The use of catalytic membranes operated in any of these modes can also contribute

to significant improvement in selectivity. The regular structure of the arranged catalysts

prevents the formation of the random maldistributions characteristic of beds of randomly

packed particles. This reduces the probability of the occurrence of hot spots resulting from

flow maldistributions.

Scale-up of monolithic and membrane reactors can be expected to be straightforward,

since the conditions within the individual channels are scale invariant.

Finally, structured catalysts and reactors constitute a significant contribution to the

search for better catalytic processes via improving mass transfer in the catalytic layer and

thus improving activity and selectivity, decreasing operating costs through lowering the

pressure drop, and eliminating maldistributions.

Structured catalysts, mainly monolithic ones, are now used predominantly in environ-

mental applications, first of all in the cleaning of automotive exhaust gases. Monolithic

reactors have become the most commonly used sort of chemical reactors: nearly a billion

small monolithic reactors are moving with our cars! Monolithic cleaners of flue gases are now

standard units. Monolithic catalysts are also close to commercialization in the combustion of

fuels for gas turbines, boilers, heaters, etc. The catalytic combustion reduces NOx formation,

and the use of low-pressure-drop catalysts makes the process more economical. Some special

features of monolithic catalysts make the burning of low-heating-value (LHV) fuels in

monolithic units much easier than in packed beds of particulate catalysts. There are some

characteristics that make structured catalysts also of interest for three-phase reactions.

Several three-phase processes are in the development stage. Catalytic oxidation of organics in

wastewater is currently operated in demonstration plants. One process, the hydrogenation

step in the production of hydrogen peroxide using the alkylanthraquinone process, has

already reached full scale, with several plants in operation.

Interest in structured catalysts is steadily increasing due to the already proven, and

potential, advantages of these catalysts. A number of review articles regarding different

aspects of structured catalysts have been published in the last decade [see F. Kapteijn,

J.J. Heiszwolf, T.A. Nijhuis, and J.A. Moulijn, Cattech, 3, 24–41, 1999; A. Cybulski and

J.A. Moulijn, Catal. Rev. Sci. Eng., 36, 179–270, 1994; G. Saracco and V. Specchia, Catal.

x Preface
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Rev. Sci. Eng., 36, 305–384, 1994; H.P. Hsieh, Catal. Rev. Sci. Eng., 33, 1–70, 1991;

S. Irandoust and B. Anderson, Catal. Rev. Sci. Eng., 30, 341–392, 1988; and L.D. Pfefferle

and W.C. Pfefferle, Catal. Rev. Sci. Eng., 29, 219–267, 1987].

These articles do not cover the whole area of structured catalysts and reactors. Moreover,

the science and applications of structured catalysts and reactors are developing very fast.

Therefore, some eight years ago we decided to edit a book on structured catalysts and

reactors. In 1998 it was published. The time has now come for an updated version. In this

edition an attempt has been made to give detailed information on all structures known to

date and on all aspects of structured catalysts and reactors containing them: catalyst

preparation and characterization, catalysts and process development, modeling and

optimization, and finally reactor design and operation. As such, the book is dedicated to

all readers who are involved in the development of catalytic processes, from R&D to process

engineering. A very important area of structuring in catalysis is that directed at a catalytic

surface, microstructure, and structuring the shape and size of the catalytic bodies. This area is

essentially covered by publications concerning a more fundamental approach to hetero-

geneous catalysis. A lot of the relevant information is scale dependent and, as a consequence,

is not unique to structured catalytic reactors. Therefore, these activities are described only

briefly in this book.

book is divided in four parts. The first three parts deal with structures differing from each

other significantly in conditions for mass transfer in the reaction zone. The fourth part is

dedicated to catalyst design and preparation.

microstructure, physical properties, and manufacture of ceramic and metallic monoliths.

Monolithic catalysts for cleaning the exhaust gas from gasoline-fueled engines are dealt with

devoted to commercial and developmental catalysts for protecting the environment. The

subject of Chapter 5 is the treatment of volatile organic carbon (VOC) emissions from

stationary sources. In Chapter 6 fundamentals and applications of monoliths for selective

catalytic reduction of NOx are given. Unconventional reactors used in this field (reverse-flow

reactors, rotating monoliths) are also discussed. Materials, activity, and stability of catalysts

for catalytic combustion and practical applications of monolithic catalysts in this area are

discussed in The use of monolithic catalysts for the synthesis of chemicals

monolithic processes. Both catalytic and engineering aspects of these processes are discussed.

Arranged catalysts allowing for convective mass transfer over the cross section of the

structured packings with respect to reactive distillation with emphasis on Sulzer Katapak-SP

packings.

type with permeable walls, i.e., catalytically active membranes. deals with

catalytic filters for flue gas cleaning.

Catalytic membranes create a unique opportunity to couple processes opposite in

character (e.g., hydrogenation/dehydrogenation, endothermic/exothermic) via the combina-

tion of reaction and separation. Catalytic membranes can allow for the easy control of

membrane reactors with metallic walls permeable to some gases. The properties of metallic

membranes, permeation mechanisms in metallic membranes, the preparation of membranes,

Preface xi
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The book starts with an overview on structured catalysts (Chapter 1). The rest of the

in Chapter 4, including fundamentals and exploitation experience. Chapters 5 and 6 are

Chapter 7.

is discussed in Chapter 8. Chapter 9 is devoted to the modeling of monolithic catalysts for

two-phase processes (gaseous reactants/solid catalyst). Chapters 10–13 deal with three-phase

reactor are discussed in Part II. Conventional particulate catalysts arranged in arrays are

kinds (parallel-passage and lateral-flow reactors) are mentioned. Chapter 15 is devoted to

Part III of the book provides information about structured catalysts of the monolithic

reactant addition or product withdrawal along the reaction route. Chapter 17 deals with

Part I deals with monolithic catalysts. Chapters 2 and 3 deal with the configurations,

dealt with in Chapter 14. Current and potential applications of ordered structures of different

Chapter 16



commercial membranes, modeling and design, engineering and operating considerations, and

presents inorganic membrane reactors: materials, membrane microstructures, commercial

membranes, modeling and design, engineering and operating issues, and current and

cleaning exhausts from diesel engines. Recent developments in the field of advanced

The amount of detail in this book varies, depending on whether the catalyst/reactor is in

the developmental stage or already has been commercialized. The know-how gained in

process development has commercial value, and this usually inhibits the presentation of the

details of the process/reactor/catalyst. Consequently, well-established processes/reactors/

catalysts are described more generally. Projects at an earlier stage presented in this book are

being developed at universities, which usually reveal more details. Each chapter was designed

as a whole that can be read without reference to the others. Therefore, repetitions and

overlapping (and sometimes also contradictions) between the chapters of this book are

unavoidable.

The authors of individual chapters are top specialists in their areas. They comprise an

international group of scientists and practitioners (Great Britain, Italy, The Netherlands,

Poland, Russia, Sweden, Switzerland, and the U.S.) from universities and companies that are

advanced in the technology of structured catalysts. The editors express their gratitude to all

of the contributors for sharing their experience. The editors also appreciate the great help of

Annelies van Diepen in shaping the book and its chapters.

xii Preface
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finally current and potential applications of metallic membranes are discussed. Chapter 18

potential applications. Chapter 19 is dedicated to a special type of catalytic filters used for

membranes, in the form of zeolitic membranes are discussed in Chapter 20.

The last part of the book (Part IV) discusses techniques for incorporating catalytic species

(Chapter 22).

into the structured catalyst support (Chapter 21) and structuring of catalyst nanoporosity
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19.1 INTRODUCTION

19.1.1 DIESEL SOOT FORMATION

Since the invention by Rudolf Diesel in 1893, the application of the diesel engine has become

very widespread across the world. The popularity of the diesel engine is a result of its

attractive characteristics, such as fuel economy, durability, low maintenance requirements,

and large indifference to fuel specification. Fuel efficiency for a diesel engine is 30 to 50%

higher than that for a gasoline engine with comparable power. In other words the CO2

emission will be 30 to 50% lower for a diesel engine for the same amount of generated power.

CO2 is one of the main greenhouse gases and contributes to global warning. If one wants to

reduce the emission of CO2 and at the same time maintain mobility via transportation, a

transition from gasoline-powered engines to diesel-powered engines is a logical choice. Diesel

engines are used in various fields. Transport applications of the diesel engine can be found

in light passenger cars, trucks, construction equipment, and ships. Another large field of

application is that of stationary power sources. Many electricity and hydraulic power plants

are equipped with diesel engines.

Unfortunately, the reality of most combustion engines, including diesel engines, is

that they encounter the problem of incomplete combustion, which leads to the emission of

severe diesel pollutants.

During operation diesel fuel is injected into the cylinder. The liquid atomizes into small

droplets, which vaporize and mix with air under pressure and burn. Fuel distribution is

nonuniform, and the generation of unwanted emissions is highly dependent on the degree

of nonuniformity. Carbonaceous soot is formed in the center of the fuel spray where the

air/fuel ratio is low. Nonideal mixing of fuel and air creates small pockets of excess fuel

where the solid carbonaceous soot particles (a solid and a soluble organic fraction, SOF) are

formed [1–3].

Associated with carbonaceous soot, adsorbed hydrocarbons and small amounts of

sulfates, nitrates, metals, trace elements, water, and unidentified compounds make up the

diesel particulate matter (PM). A transmission electron microscopy (TEM) image and a

Adsorbed hydrocarbon, sulfate, and water act as ‘‘glue,’’ causing multiple particles to

agglomerate and shift the particle size and mass distribution upward [5]. PM is typically

composed of more than 50% to approximately 75% elemental carbon (EC) depending on

the age of the engine, deterioration, heavy duty versus light duty, fuel characteristics, and

driving conditions. The hydrocarbon portion of PM originates from unburned fuel, engine

lubrication oil, low levels of partial combustion, and pyrolysis products, and typically ranges

from approximately 19 to 43%, although the range can be broader depending on many of the

same factors that influence the EC content of PM. Polyaromatic hydrocarbons generally

constitute less than 1% of the PM mass. Metal compounds and other elements in the

fuel and engine lubrication oil are emitted as ash and typically make up 1 to 5% of the PM

mass. Elements and metals detected in diesel emissions include barium, calcium, chlorine,

chromium, copper, iron, lead, manganese, mercury, nickel, phosphorus, sodium, silicon, and

zinc [4,5,8].

Together with particulate emissions, CO, hydrocarbon (HC), and NOx are emitted as

diesel exhaust gaseous pollutants. As with the formation of soot, CO and HC are the results

of incomplete combustion. In contrast with soot formation, NOx is created where the air/fuel

ratio approaches stoichiometry and high temperatures are generated [9].

The output range of basic toxic material, the temperature, and the exhaust mass flow
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schematic of the structure and composition of PM are shown in Figure 19.1 and Figure 19.2,

rate are summarized in Table 19.1. For gas and PM emissions, the lower values can be

respectively. Figure 19.3 illustrates the process of soot formation.



FIGURE 19.2 Schematic of diesel soot and its adsorbed species. (After Mark, J. and Morey, C.,

Diesel Passenger Vehicles and the Environment, Union of Concerned Scientists, Berkeley, CA, 1999,

pp. 6–15 and Johnson, J.H., Bagley, S.T., Gratz, L.D., Leddy, D.G., SAE paper 940233, 1994.)

FIGURE 19.1 TEM image of PM510 mm (PM10) collected by impaction for 30 sec. (After

Bérubé, K.A., Jones, T.P., Williamson, B.J., Winters, C., Morgan, A.J., and Richards, R.J., Atmos.

Environ., 33, 1599–1614, 1999.)
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found in new clean diesel engines, while the higher numbers are characteristic of older

engines [9–13].

19.1.2 ENVIRONMENTAL AND HEALTH EFFECTS OF

DIESEL PARTICULATE EMISSIONS

Particulate matter from diesel engines emitted directly to the air is one of the origins of air

pollution. Together with biomass combustion, fuel combustion contributes to the excess of

soot particles at the lower troposphere level [14]. In urban areas, where exposure to diesel

exhaust may be especially high, diesel engines will be a major source of particulates [15].

FIGURE 19.3 Formation of soot particle; a schematic mechanism [7].

TABLE 19.1
Typical Conditions of Diesel Exhaust [9–13]

CO
(vppm)

HC
(vppm)

SO2

(vppm)
NO

x

(vppm)
PM

(g/m3)
Exhaust

temp. (�C)
Exhaust flow
rate (m3/h)

Passenger car 150–1500 20–400 10–150 50–1400 0.01–0.1 100–360 40–50

Heavy-duty truck n.q. n.q. n.q. 50–1600 0.05–0.25 100–450 15–125

n.q.¼ not quoted.
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The presence of soot as air pollutant has serious consequences for human health.

In general, particles inhaled by humans are segregated by size during deposition within the

respiratory system. Larger particles deposit in the upper respiratory tract while smaller

inhalable particulates travel deeper into the lungs and are retained for longer periods of time.

If the smaller particles are present in greater numbers, they have a greater total surface area

than larger particles of the same mass. Therefore, the toxic material carried by small particles

is more likely to interact with cells in the lungs than that carried by larger particles [16,17].

Diesel PM smaller than 10 mm, PM10, not only penetrates deeper and remains longer in

the lungs than larger particles, but it also contains large quantities of organic materials

that may have significant long-term health effects. Linear- and branched-chain hydrocarbons

with 14 to 35 carbon atoms, polynuclear aromatic hydrocarbons (PAH), alkylated benzenes,

nitro-PAHs, and a variety of polar, oxygenated PAH derivatives are common particulate-

bound compounds. Several of them have the potential to be carcinogenic and mutagenic

[18,19].

Diesel emission legislation applied in the past forced car manufacturers to comply and

reflected levels of diesel emissions with time. In Table 19.2 the U.S. emissions regulations for

heavy-duty trucks and urban buses are presented as an example.

19.1.3 STRATEGIES IN DIESEL ENGINE

EMISSIONS CONTROL

The emissions of diesel engines are greatly influenced by engine variables such as combustion

chamber design, air/fuel ratio, rate of air/fuel mixing, and fuel injection timing and pressure.

For a diesel engine the emissions of PM and NOx have an inverse correlation. An effort to

reduce soot particles is always associated with an increase in NOx. This is called the trade-off

of soot and NOx. For example, so-called exhaust gas recirculation (EGR) and retarded

injection can reduce the NOx emission, but at the same time increase particulate emission

particulate emission but they increase NOx emissions (Figure 19.4, curve 2)

TABLE 19.2
U.S. Diesel Engine Emission Standards (g/kWh): Past, Present, and Future

Year THC CO NO
x

PM (trucks) PM (urban buses)

1974–1978 21.5 53.6

1979–1984 2.0 33.5 13.4a

1985b–1987 1.8 20.8 10.7

1988–1989 1.8 20.8 10.7 0.8 0.8

1990 1.8 20.8 8.1 0.8 0.8

1991–1992 1.8 20.8 6.7 0.3 0.3

1993 1.8 20.8 6.7 0.34 0.13

1994–1995 1.8 20.8 6.7 0.13 0.09

1996–1997 1.8 20.8 6.7 0.13 0.07

1998–2003 1.8 20.8 5.4 0.13 0.07

2004 — 20.8 3.4a 0.13 0.07

2007 — 20.8 1.48a 0.014 0.014

2010 — 20.8 0.27a 0.014 0.014

aTHCþNOx (THC¼ total hydrocarbon).
bTest cycle changed from steady-state to transient operation.
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(Figure 19.4, curve 1). However, high-pressure injection and cooled EGR can suppress the



In general, diesel engine emissions can be minimized via engine modifications, fuel

reformulation, and exhaust after-treatment systems. The major effort of the automotive

industry in transition of the compressed ignition process into a homogeneous ignition process

is not described here since it is beyond the scope of this chapter. The homogeneous ignition

process will prevent nonuniform behavior in the combustion process and will lead to

substantially lower NOx and soot emissions. This homogeneous ignition process will be the

main research and development effort of the automotive industry, since it can perhaps

prevent the need for after-treatment devices to clean the exhaust gas. In this chapter only the

role of catalysis for comprehensive control of diesel engine emissions via after-treatment

technology is outlined. A detailed discussion in this chapter will focus on the catalysis of dry

soot particulate oxidation as an important element in diesel particulate emissions control.

Two methods are commonly employed for reducing the PM from diesel engines: diesel

oxidation catalysts (DOCs) and diesel particulate filters (DPFs) or traps. The catalyst

supports used in these applications are completely different. The DOC oxidizes CO, HC, and

the soluble organic fraction (SOF), while the DPF traps particulates through a wall-flow

filter, ceramic fiber filter, or ceramic foam. With advances in engine design, low-sulfur fuel,

sensor technology, and ceramic compositions, the DOCs and DPFs will become standard

equipment for control of particulate emissions from passenger cars, buses, and trucks.

19.2 DIESEL OXIDATION CATALYST FOR SOF, CO, AND
HC OXIDATION

Recent advances in diesel technology have lowered the amount of exhaust particulates

significantly such that DOCs have provided the required incremental particle removal for

MY 1994þ vehicles. The DOCs use flow-through cordierite substrates with large frontal area

80% of the gaseous HC and 40 to 90% of the CO present. They do not alter NOx emissions.

DOCs have been used in more than 60,000 diesel fork lift trucks and mining vehicles since

1967 for reducing HC and CO emissions [22].

DOCs have little effect on dry soot (carbon), but engine tests show that they typically

remove 30 to 50% of total particulate load. This is achieved by oxidizing 50 to 80% of the

SOFs present. DOCs are less effective with ‘‘dry’’ engines in which particulates have a very

low SOF content [22].

FIGURE 19.4 Trade-off of diesel particulate and NOx emissions. (After Neeft, J.P.A., Makkee, M., and

Moulijn, J.A., Fuel Process. Technol., 47, 1–69, 1996.)
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(see Figure 19.5) [21]. Depending on the type of engine and its exhaust, they oxidize 30 to



DOCs are very different from those used for gasoline; however, they do use a monolithic

honeycomb support. Gases flow through the honeycomb with minimum pressure drop and

react with the catalyst on the walls of the channels.

Although both metal and ceramic supports have been used, ceramic substrates offer

stronger catalyst adhesion, less sensitivity to corrosion, and lower cost. The use of ceramics

in automotive converters gives additional confidence in their performance.

Catalytic sites promote the reaction between HC gases, including those that would

condense as SOFs downstream, and oxygen to form carbon dioxide and water. These sites

also oxidize liquid SOFs, whether they are droplets that contact the catalyst or SOF gases

that adsorb on them. SOFs adsorbed or condensed on the porous carrier are volatilized and

then oxidized at the catalytic sites.

DOCs have to function in a demanding environment. Although diesel exhaust

temperatures are well below those in gasoline engine exhaust (373 to 723K vs. 573 to

1373K), diesel catalysts must contend with solids, liquids, and gases (not just gases), and

deposits of noncombustible additives from lubricating oil. The latter contain zinc,

phosphorus, antimony, calcium, magnesium, and other contaminants that can shorten

catalyst life below that mandated. Contamination also can come from sulfur dioxide in the

exhaust.

Catalyst life might be extended by the development of low-ash lubricating oils and by

modifying carrier properties such as surface chemistry, pore structure, and surface area to

create contamination-resistant catalysts. Another avenue is periodic regeneration to remove

contaminants.

The physical durability of DOCs depends heavily on mechanical and thermal properties

Since diesel exhaust is substantially colder than that from a gasoline engine, and since

the conversion temperature for diesel emissions is considerably lower, the thermal stresses

associated with radial and axial temperature gradients in catalytic converters are well

below the threshold strength thereby eliminating thermal fatigue potential and ensuring

crack-free operation over the required 500,000 km. With thermal durability under control,

the mechanical durability takes on a major focus to ensure total durability. To this end,

it is necessary to ascertain high mechanical strength of the coated monolith, build in a

resilient packaging system, and ensure positive and moderately high mounting pressure to

continue to function catalytically even in a fractured state as long as there is sufficient

FIGURE 19.5 Relative size of automotive versus diesel substrates (After Gulati, S.T., SAE Paper,

920145, 1992.).
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guard against vibrational and impact loads. Much like automotive catalysts, the DOCs can

of catalyzed substrates and their operating conditions (see Table 19.3).



mounting pressure to keep the cracks shut and adequate catalytic activity to oxidize organic

particulates over the required 500,000 km, i.e., the packaging design is just as important as

catalyst formulation to meet the 500,000 km durability.

The circular contour of DOCs is ideal from the packaging point of view because it

experiences a uniform mounting pressure and an axisymmetric temperature distribution

both of which are beneficial to long-term durability. However, since the DOC is both larger

and heavier and may experience different vibrational loads than the automotive catalyst, its

mounting design requires special considerations. Moreover, since its operating temperature

is lower than the intumescent temperature of ceramic mats, the converter assembly must

be preheated to remove the organic binder and ensure adequate mounting pressure before

installation [23].

Finally, since packaging plays a key role in preserving the mechanical integrity of a diesel

converter, both the mat thickness and its mounting density must be carefully tailored to

provide substantial mounting pressure on the monolith to meet the 500,000 km durability.

Guided by the successful packaging designs for European automotive converters and North

American heavy-duty gasoline truck converters, both subjected to harsher driving condi-

tions, a 6200 g/m2 mat with a mount density of 1 g/cm3 would be a good starting point. Such

a design would result in a nominal mounting pressure of 3 bar which is 10 times the minimum

required value. It would also enhance the initial tangential strength of DOCs and help

contain any partial fragments over the required 500,000 km should the converter experience

any cracking.

19.3 CATALYSIS FOR OXIDATION OF DRY DIESEL SOOT

In the early 1980s great advances were made with diesel particle trapping techniques.

The wall-flow monolith was developed and it was found that particulate emissions could be

controlled without having to make engine adjustments. It was thought that a method for

oxidizing the trapped soot fraction of diesel PM would be discovered quickly. A catalytic

device like the three-way catalyst for gasoline engines was seen as unreliable, since the onset

temperature of around 800K of the soot combustion catalysts of those days was too high for

spontaneous regeneration [24]. The general regeneration strategy for noncatalytic oxidation

has been to load substantially the trap with soot, ignite the soot by raising the temperature

in the presence of available oxygen in the exhaust gas, and then switch the heating off.

The required high temperature for completion of regeneration is maintained by the energy

released during the exothermic soot combustion reaction. The mechanism is known as self-

supporting flame propagation [25]. This type of regeneration can easily get out of control and

TABLE 19.3
Operating Conditions for Automotive versus Diesel Catalysts

Automotive Diesel

Temperature range (�C) 300–1100 100–550

Temperature gradient (�C) 100–300 100–200

RH (%) 5100 100

Space velocity (l/l/h) 30,000–100,000 60,000–150,000

Vibration acceleration (g) 28 10–20

From Gulati, S., in Structured Catalysts and Reactors, Cybulski, A. and Moulijn, J.A.,

Eds., Marcel Dekker, New York, 1996, pp. 15–58 and 501–542. Courtesy of Marcel

Dekker, New York.
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damage the filter due to chaotic thermal runaways. The regeneration is influenced by many

variables like temperature, oxygen concentration, deposited soot amounts, and mass-gas flow

rate. These conditions should remain within certain limits to guarantee safe regeneration.

This is in conflict with the demand that a trap should be able to regenerate during all driving

conditions without the intervention of the driver. Another problem was inadequate

regeneration efficiency: Up to 35% of the soot can remain on the filter. This is undesirable

because it will create a soot gradient buildup, which can lead, when finally ignited, to

extremely high temperature gradients within the filter.

In the last two decades a number of materials have been explored as catalysts for diesel

soot oxidation. The fact that in diesel exhaust O2 is available excessively (4 to 10%) has

influenced the development of catalysts for the oxidation of soot. The exploration for the

catalyst was initially focused on the direct contact between catalyst and soot in order to

decrease the C–O2 reaction temperature, which is generally, as mentioned before, above

800K for the noncatalytic soot oxidation. Furthermore, the catalytic oxidation of soot is

slow, since the solid soot particles are large and, when deposited, immobile. They cannot

penetrate into the catalyst’s micro- or mesopores where catalytic processes usually take place.

Soot oxidation takes place mainly on the filter walls of the particle filter where the catalyst

has been deposited.

19.3.1 DIRECT CONTACT DIESEL SOOT

OXIDATION CATALYSTS

The development of a direct contact soot oxidation catalyst is problematic, since it is difficult

to realize a direct contact with the solid soot under real exhaust conditions. Inui and

Otowa [26] and Löwe and Mendoza-Frohn [27] were among the first to realize that the

contact of deposited soot on a catalytic filter is poor. Neeft et al. [28,29] systematically

investigated the effect that the degree of physical contact has on catalytic soot combustion.

They mixed soot and catalyst powders with a spatula and defined that as loose contact; they

did the same with a mechanical mill and defined that as tight contact; they filtered diesel soot

from an exhaust stream on a bed of catalyst particles and defined that as in situ contact.

Combustion temperature differences as large as 200K were found between loose and tight

contact samples of one catalyst. It is clear that Neeft et al. measured apparent activities that

were a function of intrinsic activity and the degree of physical interaction. They found that

with the in situ samples, the combustion temperatures were similar to the combustion

temperatures of loose contact samples and concluded that the contact that arises during

There are various reasons as to why tight contact mixtures are more reactive: (1) the

catalyst will have more contact points with the soot; (2) the catalyst particles will be smaller

and better dispersed; and (3) Mul et al. [30] found that the type of contact controls the actual

mechanism. They found that for V2O5 and MoO3 a redox and spill-over mechanism occurs

simultaneously in tight contact, whereas in loose contact only the spill-over mechanism will

occur. They expected that for soot oxidation in a catalytic filter, oxygen spill-over would be

the predominant mechanism.

Watabe et al. [31] were the first to report a catalyst based on a formulation of Cu/K/M/

(Cl), where M is V, Mo, or Nb. For years, catalysts based on this formulation were

extensively investigated [28,29,32–42] because they exhibited high soot oxidation rates at low

temperatures. The high activity was related to the mobility and volatility of the active copper

oxychloride component of the catalyst [43]. Unfortunately, catalyst compounds evaporated

during soot oxidation [32,39] and, therefore, the catalyst had to be kept below 625K at all

times [39], which made the feasibility of the catalyst questionable [32]. This mobility probably

explains why the stability of some of those reported catalysts was low. Querini et al. [44]
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practical conditions is similar to loose contact, as illustrated in Figure 19.6.



stated that the high activity of Co/MgO and Co/K/MgO could be caused by enhanced

catalyst mobility afforded by potassium. Badini et al. [40,45] reported that KCl:KVO3 and

KI:KVO3 are active catalysts, but they also reported the emission of volatile components of

the catalyst. Ahlström and Odenbrand [46] and Moulijn and co-workers [47–52] reported

mobile catalysts that did not evaporate during soot oxidation. This type of liquid contact

occurs in both laboratory test and pilot plant scale. These types of mobile materials, like

Cs2SO4–V2O5 (melting point of 647K), CsVO3–MoO3 (melting point of 650K), and KCl–

KVO3 (melting point of 760K), demonstrate high activity for oxidation of soot [47–50]. This

is primarily due to the in situ tight contact between soot and catalyst in its molten state.

However, the stability of this type of liquid catalyst might be too low under severe exhaust

catalyst, and liquid catalyst.

A good way of improving the quality of induced self-supporting regeneration of a particle

filter is to increase the reactivity of soot with a built-in metal catalyst. Such a catalyst can

be incorporated during the soot formation process. Blending a stable organometallic

additive into the fuel (typically 10 to 100 ppm) is the most convenient method. These catalytic

fuel additives are also known as fuel-borne catalysts and result in quasi-continuous

regeneration [51].

Catalytic fuel additives were investigated for passive regeneration. During passive

regeneration, a trap regenerates itself without the intervention of on-board diagnostic and

control systems. Passive regeneration is often a continuous process and, therefore, is referred

to as continuous regeneration. During continuous passive regeneration, catalytic fuel

additives bring the rate of soot oxidation in equilibrium with the rate of soot deposition,

which causes a constant pressure drop over the filter defined as the balance temperature.

Lepperhoff et al. [51] compared cerium, iron, and copper additives. They found the lowest

balance temperatures for iron and copper to be 625K. Jelles et al. [52] measured balance

temperatures for different mixed additives to discover whether synergetic effects could play a

role. They found that after some time of running on low-concentration fuel additive

FIGURE 19.6 Comparison between combustion temperatures of soot collected on catalyst powder

(in situ) and tight and loose contact combustion temperature. (After Neeft, J.P.A., van Pruisen, O.P.,

Makkee, M., and Moulijn, J.A., Appl. Catal. B, 12, 21–31, 1997.)
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conditions. Figure 19.7 shows the different types of contact, namely solid catalyst, mobile



combinations, there was a dramatic reduction in balance temperature. The reduced balance

temperature was explained as follows. Platinum, which was deposited on the monolith,

catalyzes the oxidation of NO to NO2. NO2 subsequently reacts with the fuel additive-

catalyzed soot. The enhanced activity is explained by assuming that each NOx molecule is

used many times, as illustrated in Figure 19.8.

by using platinum/cerium fuel additive. Road trials of the mixed catalysts showed that

not only the regeneration of filter was altered but so was fuel combustion. The fuel efficiency

increased by 5 to 7% and, at the same time, a decrease of particulate mass of 10 to 25% was

observed.

19.10 shows the influence of various after-treatment configurations for fuel

additives on balance temperature. The balance temperature is the lowest temperature where

soot mass conversion rate is in equilibrium with the soot deposition rate [52,53]. If the wall-

flow monolith is partially replaced with platinum-catalyzed ceramic foam, the lowest balance

temperature of 550K for a diesel fuel containing up to 500 ppm sulfur is observed [52].

It should be noted that the reported balance temperature strongly depends on several factors

FIGURE 19.7 Types of catalyst–soot contact: the solid catalyst, the mobile catalyst, and the liquid

catalyst.

FIGURE 19.8 Multicycle reaction of NO to NO2 by platinum catalyst following soot oxidation by NO2.
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Figure 19.9 shows a reaction scheme of the proposed mechanism of oxidation of soot

Figure



such as PM loading, trap volume, trap materials, trap pore size, additive concentration,

oxygen concentration, engine type, and engine load.

19.3.2 INDIRECT CONTACT CATALYSTS FOR DIESEL

SOOT OXIDATION

Some catalysts can oxidize soot without having intimate physical contact. They catalyze

the formation of a mobile compound (NO2, Oads, etc.) that is more reactive than O2. In the

absence of physical contact, the formation of those mobile species is the main advanta-

geous property of this type of catalyst. For indirect contact catalysts, two main reaction

mechanisms are known: NOx-aided gas-phase mechanism and spill-over mechanism.

FIGURE 19.10 Comparison of the oxidation temperature of cerium and platinum/cerium-catalyzed

diesel soot. (After Jelles, S.J., Krul, R., Makkee, M., and Moulijn, J.A., Catal. Today, 53, 623–630, 1999

and Valentine, J.M., Peter-Hoblyn, J.D., and Acress, G.K., SAE 2000 Spring Fuel and Lubricants

Meeting and Exposition, Paris, June 2000, 2000-01-1934.)

FIGURE 19.9 Proposed oxidation mechanism for the platinum/cerium fuel additive in combination

with a platinum-catalyzed particulate trap. NO is oxidized to NO2 over supported platinum.

Subsequently, the formed NO2 oxidizes the soot, forming NO. In parallel, a platinum/cerium-catalyzed

oxidation with O2 occurs.
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Cooper and Thoss [54] patented a way of using gas-phase NO2 as an activated mobile

species for soot oxidation (NOx-aided gas-phase mechanism) in combination with a filter

device. The reaction of NO2 with carbon material was published as early as 1956 [55]. They

proposed that NO2 accelerates soot combustion:

NOþ 1=2O2 ���! ���

Pt
NO2 ð19:1Þ

NO2 þ C! COþNO ð19:2Þ

NO2 þ CO! CO2 þNO ð19:3Þ

Some catalysts can dissociate oxygen and transfer it to the soot particle, where it reacts as if

it were in a noncatalytic reaction. This mechanism is known as the spill-over mechanism

(Figure 19.11).

There are some examples that show that contact is not a prerequisite in this type of

reaction. For instance, Baumgarten and Schuck [56] showed that the rate of catalytic coke

oxidation can be accelerated while there is no direct contact between the catalyst and the

coke, which they explained by oxygen spill-over. Baker and Chludzinksi [57] showed that

Cr2O3 could accelerate edge recession of graphite while being motionless. Mul et al. [30]

showed with a labeled oxygen study that spill-over and redox oxidation can occur

simultaneously. They discussed that the dominating mechanism will depend on the degree of

physical contact between the catalyst and soot.

19.4 DESIGN/SIZING OF DIESEL PARTICULATE FILTER

The filter concept shown in Figure 19.12 involves having the alternate cell openings on

one end of the unit plugged in checkerboard fashion. The opposite end or face is plugged

FIGURE 19.11 Spill-over mechanism in metal oxide-catalyzed soot oxidation.

FIGURE 19.12 Wall-flow filter concept with alternate plugged cells.
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in a similar manner, but one cell displaced, allowing no direct path through the unit from one

end to the other as indicated in Figure 19.13. The exhaust gas entering the upstream end is

therefore forced through the porous wall separating the channels and exits through the

opposite end by way of an adjacent channel. In this way, the walls of the honeycomb are the

filter medium [58,59].

They can be made sufficiently porous to allow exhaust gas to pass through without

excessive pressure drop. This wall-flow concept offers a large amount of filter surface

area in a reasonably compact volume together with high filtration efficiency. Periodically,

the soot that is collected is oxidized to CO2 — a process known as regeneration — which

renders the filter clean. The fact that the filter is constructed of special ceramic materials

results in its ability to withstanding high temperatures while being chemically inert. One of

these materials is a porous cordierite ceramic with magnesia/alumina/silica composition

(2MgO�2Al2O3�5SiO2). A key property of this composition is a very low coefficient of

thermal expansion. The material used to plug the cell openings in the faces is similar in

nature to the body in composition and thermal characteristics. It is a high temperature

foaming cement which during firing seals to the cell walls and is impervious to gas flow.

More advanced materials capable of withstanding even higher temperature are discussed

later. The walls contain a series of interconnected pores of a volume and size sufficient to

enable the exhaust gas to flow completely through but restrain most of the particles.

The performance characteristics of wall-flow filter can be varied and managed.

Its collection efficiency can be controlled to a large degree by the properties of the walls

that form the channels. These include total pore volume, pore size distribution, and the

thickness of the wall itself. The flow through the wall can be made more restrictive by

adjusting the porosity of the wall. A smaller pore volume creates a highly efficient filter

but at the same time restricts the flow and produces high back pressure. Conversely,

with porosity adjusted in the opposite direction, low back pressure is achieved, but at the

expense of reduction in collection efficiency.

19.4.1 PERFORMANCE REQUIREMENTS

The four basic requirements that the DPF should meet are [60]:

1. Adequate filtration efficiency to satisfy particulate emissions legislation.

2. Low pressure drop to minimize fuel penalty and conserve engine power.

FIGURE 19.13 Schematic of diesel filter with checkerboard plug pattern.
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3. High thermal shock resistance to ensure filter integrity during regeneration.

4. High surface area per unit volume for compact packaging.

Although a high filtration efficiency would make the filter more effective, it must not be

accomplished at the expense of high back pressure or low thermal integrity. Indeed, the

microstructure and plugging pattern of a ceramic filter can be tailored to obtain filtration

efficiencies ranging from 50 to 95% per engine manufacturers’ specification. Furthermore,

recent advances in ceramic composition have led to filters with high filtration efficiency,

acceptable back pressure, and excellent thermal integrity [61–65]. As the PM is trapped in the

filter walls, it begins to build up on the surface of open cells forming a soot layer which also

acts as a filter. With increasing thickness of soot layer the hydraulic diameter of the channel

decreases resulting in higher back pressure. Obviously, the initial and final channel size must

be controlled via filter design and soot accumulation level to limit the back pressure to an

acceptable value. Again, this can be accomplished by designing the microstructure, the cell

geometry, the plugging pattern, and the size of ceramic filter, which in turn are dictated by

engine size, flow rate, and engine-out emissions.

The dominant component of trapped particulates is soot carbon which is formed during

combustion of a fuel-rich mixture in the absence of adequate oxygen. Although some of the

soot may be oxidized to CO2 during the latter part of power stroke, a major portion does not

get oxidized due to slow process [66]. The other major component of PM consists of heavy

unburned hydrocarbons. Since the chemical energy of soot carbon and heavy hydrocarbons

is high, once they are ignited during regeneration they release a great deal of heat which, if

not dissipated continuously, can result in high temperature gradients within the filter [67].

Thermal stresses associated with such gradients must be kept below the fatigue threshold

value of the filter material to ensure thermal integrity over its lifetime [67,68]. This is best

accomplished by using a ceramic composition with ultralow thermal expansion and modestly

high fatigue threshold value [61]. Other approaches to improving thermal integrity include

the use of fuel additives and/or catalysts to effect regeneration at lower temperatures [69].

Alternatively, more frequent regenerations can also reduce the temperature gradients

and enhance thermal integrity but at the expense of fuel penalty if a burner is used for

regeneration.

The honeycomb configuration of ceramic filters offers high surface area per unit volume,

thereby permitting a compact filter size [70]. The absolute filtration surface area depends on

cell size, filter volume, and plugging pattern, all of which are design parameters whose

optimization, as will be shown shortly, calls for trade-offs in pressure drop, filtration

efficiency, mechanical durability, thermal integrity, and space availability.

19.4.2 COMPOSITION AND MICROSTRUCTURE

The filter composition that has performed successfully over the past two decades is cordierite

ceramic with the chemical formula of 2MgO�2Al2O3�5SiO2. Its unique advantages include

low thermal expansion, ideal for thermal shock resistance, and tailorable microstructure to

meet filtration and pressure drop requirements. The extrusion technology for producing

automotive catalyst supports also helps manufacture diesel filters. Consequently, the unit

cell design can be achieved via die design while the porosity and microstructure are best

controlled by composition and process modifications.

The most common cell density employed for diesel filters is 100 cells/in2 with 0.017 in

(0.043 cm) thick cell wall. This choice offers the best compromise in terms of filtration area

and back pressure. While 200 cells/in2 structure offers 41% larger filtration area and has been

used for diesel filters, it results in higher pressure drop. Similarly, thicker cell walls (0.025 in

or 0.064 cm thick) offer 50% higher strength but they too result in higher pressure drop.
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Another parameter that affects pressure drop is mean pore size, which can range from 12

to 35 mm. Although the pressure drop decreases with increasing pore size, so does filtration

efficiency. Hence, a compromise is necessary in tailoring the pore size, wall thickness, and cell

density. The wall porosity also affects pressure drop and mechanical strength. Both pressure

drop and mechanical strength decrease as the wall porosity increases, thus calling for a

compromise in selecting the wall porosity. Most filter compositions and manufacturing

processes are designed to yield a wall porosity of 45 to 50%. Filters with low mean pore size

are designed to offer high filtration efficiency (490%), those with intermediate mean pore

size are designed for medium filtration efficiency (80 to 90%), and those with large mean pore

size are designed for low filtration efficiency (60 to 75%).

19.4.3 CELL CONFIGURATION AND

PLUGGING PATTERN

plugging pattern. The open frontal area (OFA) and specific filtration area (SFA) for such a

filter are defined in terms of cell spacing L and wall thickness t:

OFA ¼ 0:5
L� t

L

� �2

ð19:4Þ

SFA ¼
2 L� tð Þ

L2
ð19:5Þ

Since the cell density N for square cell structure is given by

N ¼
1

L2
ð19:6Þ

it follows from Equation (19.5) that the specific filtration area is directly proportional to the

cell density. As the cell density increases, the hydraulic diameter defined by

Dh ¼ L� t ð19:7Þ

decreases. Hence a portion of the total pressure drop due to gas flow through the open

channels of the filter, which depends inversely on the square of hydraulic diameter, increases.

Thus, care must be exercised in selecting the appropriate cell density [70]. Other factors that

play a key role in designing the filter are its mechanical integrity and filtration capacity. The

former is defined by the mechanical integrity factor MIF, which, for a given wall porosity,

depends on cell geometry via

MIF ¼
t2

L L� tð Þ
ð19:8Þ

The filtration capacity is the total amount of soot that can be collected prior to safe

regeneration. It is directly related to total filtration area TFA defined by the product of

specific filtration area and filter volume:

TFA ¼
2 L� tð Þ

L2
Vf ð19:9Þ
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Figure 19.13 shows the wall-flow filter with square cell configuration and checkerboard



where the filter volume Vf is given by

Vf ¼
�

4
d2l ð19:10Þ

in which d and l denote filter diameter and length, respectively.

As noted earlier, most filter compositions enjoy 50% wall porosity to limit the pressure

drop to acceptable levels. The mean pore size, which also has a bearing on pressure drop

due to gas flow through the wall, is primarily dictated by filtration efficiency requirement.

As emissions legislation becomes more stringent, filtration efficiencies �90% become

desirable calling for mean pore diameter of 12 to 14 mm. With microstructure fixed in this

manner, the two common cell configurations for diesel filters that have been manufactured

are 100/17 and 200/12. It may be verified that they have identical open frontal area and

mechanical integrity factor. However, the specific filtration area of 200/12 is 41.5% greater

than that of 100/17 configurations implying lower (for constant total filtration area) filter

volume for the former, which may be desirable to meet space constraints. However, the

hydraulic diameter of 200/12 is 30% smaller than that of 100/17 configurations implying

higher pressure drop for the former, which may not be acceptable. Furthermore, the 200/12

configurations may also experience fouling due to ash buildup following several

regenerations. The model for total pressure drop is discussed in a later section; however,

for a comparison of two different cell configurations we need to write the expression for

pressure drop, under fully developed laminar flow conditions, due to gas flow through open

channels, ipch, namely

�pch ¼
Cvchl

D2
h

ð19:11Þ

where C is a constant and vch denotes gas velocity through the channel, which is given by

vch ¼
Q

Aopen

ð19:12Þ

Here Q is the flow rate through the filter and Aopen is the open cross-sectional area given by

Aopen ¼
�

4
d
2�OFA ð19:13Þ

In view of identical open frontal area, filters with 100/17 and 200/12 cell configurations will

have identical open cross-sectional area and gas velocity through their respective channels

under constant flow rate conditions. Thus, the pressure dropipch will now be proportional

to l/Dh
2 according to Equation (19.11). We define this ratio as ‘‘back pressure index’’ or BPI:

BPI ¼
l

D2
h

ð19:14Þ

Since the specific filtration area of 200/12 configuration is 41.5% greater, the filter length

with such a configuration can be 58.5% smaller than that of the filter with 100/17 cell

configuration for identical total filtration area. In this manner, Equation (19.14) helps

estimate the back pressure penalty (the pressure drop due to channel flow is a significant

fraction of total pressure drop through the filter) due to smaller hydraulic diameter of

compares the properties and performance parameters of filters with two different cell

configurations.
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200/12 cell configuration. The results of this exercise are summarized in Table 19.4, which



It shows that despite the compact volume of the 200/12 filter it will experience 17%

higher back pressure than the 100/17 filter. Such a back-pressure penalty, as is shown later,

may well exceed 17% as the soot membrane begins to build up on the surfaces of open

channel walls. In addition the pressure drop through porous walls can also be significant.

It is clear from Table 19.4 that filter design often calls for trade-offs in performance

parameters that, in turn, require prioritization of durability and performance requirements

on the part of filter designer.

19.4.4 FILTER SIZE AND CONTOUR

Both mechanical and thermal durability requirements favor a circular contour for the filter

since it lends itself to robust packaging and at the same time experiences less severe

temperature gradients during regeneration. Furthermore, circular filters are easier to

manufacture and control tolerances, making them more cost effective than noncircular

contours. Indeed, the latter have also been manufactured for special applications where space

constraint is the dominating factor.

Filter size is generally dictated by engine capacity and is normally equal to engine volume.

This ‘‘rule of thumb’’ for designing the filter size has worked well in both mobile and

stationary applications in that it helps control soot collection and regeneration without

impairing filter durability and imposing high back-pressure penalty. We illustrate these

benefits with a realistic example.

Consider a 10-liter, 170 kW diesel engine for a medium- to heavy-duty truck for urban

areas. We design the total filter volume to be 10 liters with a microstructure commensurate

with 90% filtration efficiency. Based on prior experience we limit the soot loading to 10 g/liter

of filter volume to ensure safe regeneration at intervals of two hours. Then

Total soot collected ¼
10� 10

2
¼ 50 g=h

Rate of soot emitted by engine ¼
50

0:9
¼ 55:5 g=h

TABLE 19.4
Properties and Performance Parameters of Diesel Filters with Two
Different Cell Configurations and Constant Total Filtration Area

Property and performance
parameter 100/17 cell 200/12 cell

L (cm) 0.254 0.180

t (cm) 0.043 0.030

N (cells/in2) 100 200

OFA 0.345 0.345

MIF 0.035 0.035

Dh (cm) 0.211 0.150

SFA (cm2/cm3) 6.54 9.25

BPI (cm�1) 1.0 1.17

TFA (cm2) X X

l (cm) l 0.585l

From Gulati, S., in Structured Catalysts and Reactors, Cybulski, A. and Moulijn,

J.A., Eds., Marcel Dekker, New York, 1996, pp. 15–58 and 501–542. Courtesy of

Marcel Dekker, New York.
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which in standard units works out to 0.18 g/kWh. This is a good representation of soot

output of new modern-day diesel engines. Let us note that the filter will help reduce the

soot emissions from 0.18 to 0.018 g/kWh due to its 90% collection efficiency.

In the next section we develop the pressure drop model and estimate the back pressure

due to the above loading.

19.4.5 PRESSURE DROP MODEL

The pressure drop model is based on the following assumptions [72]:

1. Incompressible gas

2. Laminar flow

3. Constant density and viscosity at a given temperature

4. Cylindrical pores in filter walls

5. No cross-flow between pores

components:

�ptotal ¼ �pen þ�pch þ�pw þ�ps þ�pex ð19:15Þ

The entrance and exit losses,ipen andipex, are relatively small compared with other losses.

Hence they will be neglected. The remaining three losses can be estimated from the generic

equation for a circular pipe:

�p ¼
32mvl

gd 2
ð19:16Þ

where m¼ gas viscosity (kg/m/sec), v¼ gas velocity through pipe (m/sec), l¼ effective pipe

length (m), d¼ effective pipe diameter (m), and g¼ gravitational acceleration (m/sec/sec).

We will apply the above equation to estimate each component of pressure drop through a

10-liter filter (26.67 cm diameter� 17.78 cm long) with 100/17 cell configuration. To this end,

we assume engine size¼ 10 liters, engine speed¼ 1500 rpm, gas temperature¼ 325�C. Then

Q ¼ flow rate ¼ 7500 l=min at 325�C

For the checkerboard plug pattern (we assume a diameter of 10 in (25.4 cm) for the

checkerboard region due to fully plugged peripheral region, 0.25 in (0.635 cm) wide)

Aopen ¼ 175 cm2

vch ¼
Q

Aopen

¼ 14:4mm=s

dch ¼ L� tð Þ ¼ 0:207 cm

Substituting the above quantities in Equation (19.16) gives

�pch ¼
32m vch l

g d 2
ch

¼ 5mbar ð19:17Þ

The effective length of pores in the filter wall depends on their tortuosity and mean pore

diameter, which for the filter will be taken as 12.5 mm. The effective pore length is
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Referring to Figure 19.14, the total pressure drop across the filter is made up of five



approximately 3t, with t being wall thickness [72]. The gas velocity through the pores is

readily obtained by the continuity equation:

vch L� tð Þ2¼ vw�4P L� tð Þl ð19:18Þ

where P denotes fractional porosity of filter walls which will be taken as 0.5. Substituting

L¼ 0.254 cm, t¼ 0.043 cm, P¼ 0.5, and l¼ 6.6 in in Equation (19.18), we obtain

vw ¼ 0:0063; vch ¼ 8:93 cm=sec

Substituting lp¼ 3t¼ 0.128 cm, dp¼ 12.5 mm, and vw¼ 8.93 cm/sec in Equation (19.16)

we obtain

�pw ¼ 7mbar

Thus, pressure drop through the wall is 38% higher than that through the channel.

The above estimate of �pw is based on clean and open pores. As these pores accumulate

FIGURE 19.14 Flow model for pressure drop calculations: (a) entry and exit losses; (b) pressure drop

through clean channel; (c) pressure drop through cell wall; (d) pressure drop through sooted channel.
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soot, their mean diameter will decrease, the flow velocity will increase and �pw will go up.

To re-estimate �pw, we can still use Equation (19.16) once we know the amount of soot

trapped in the pores.

The pressure drop through the soot membrane is negligible due to both its open structure

and small thickness. However, as the membrane thickness increases with continuous

deposition of soot, the hydraulic diameter of a sooted channel decreases and the gas velocity

increases thereby contributing to �pch. To estimate the incremental pressure drop due to soot

membrane we must first study the kinetics of soot deposition.

Recall that the maximum allowable soot accumulation for safe regeneration is typically

10 g per liter of filter volume. For a filter volume of 10 liters, the total soot collected prior to

regeneration is 100 g over a two-hour filtration cycle. With a filtration efficiency of 90%, the

soot output of a 170 kW engine is given by

Soot output ¼ 0:326 g=kW=h

Soot accumulation rate ¼
50

60
¼ 0:833 g=min

Active filter volume ¼ 8500 cm3

Total filteration area ¼ SFA� Vf ¼ 5500 cm2

The soot density has been reported in the literature and is approximately 0.056 g/cm3 [60].

Using this value we can estimate the rate at which soot volume, hence the soot membrane

thickness, builds up.

Rate of soot volume collected per filter ¼ 14:9 cm3=min

Rate of increase in soot membrane thickness ¼ 0:00028 cm=min

Total thickness of soot membrane after 2 h ¼ 0:033 cm

dch ¼ 0:145 cm

Aopen ¼ 830 cm2

vch ¼
Q

Aopen

¼ 28:9m=sec

Substituting into Equation (19.16), we obtain

�ps ¼ 21mbar

Thus, the pressure drop through a sooted channel (with 10 g/l of soot loading) is three times

as large as that through the wall and over four times as large as that through the clean

channel.

The above computations were also carried out for a 10.5 in diameter� 5 in long filter

with 200/12 cell configuration (and identical total filtration area as the 10.5 in diameter� 7

in long filter with 100/17 cell configuration). compares the individual

pressure drop components for the two filters. It is clear from this table that the largest

contribution comes from flow through the sooted channel. Furthermore, the small

hydraulic diameter of 200/12 cell results in nearly three times higher pressure drop than

that for the 100/17 cell which explains the popularity of the 100/17 cell configuration for

filter applications.
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Table 19.5



The foregoing pressure drop model is only an approximation, which helps quantify the

effect of flow rate, open frontal area, and hydraulic diameter. It also provides the relative

contributions of open and sooted pores in the wall as well as those of open and sooted

channels to the total pressure drop. A more refined model is needed which must correlate well

with the experimental data.

19.5 PHYSICAL PROPERTIES AND DURABILITY

Physical properties of ceramic diesel filters, which can be controlled independently of

geometric properties, have a major impact on their performance and durability. These

include microstructure (porosity, pore size distribution, and microcracking), coefficient of

thermal expansion (CTE), strength (crush strength, isostatic strength, and modulus of

rupture), structural modulus (also called E-modulus), fatigue behavior (represented by

dynamic fatigue constant), thermal conductivity, specific heat, and density. These properties

depend on both the ceramic composition and the manufacturing process, which can be

controlled to yield optimum values for a given application.

The microstructure of diesel filters not only affects physical properties like CTE, strength,

and structural modulus, but it also has a strong bearing on filter/catalyst interaction which,

in turn, affects the performance and durability of the catalytic filter. The coefficients of

thermal expansion, strength, fatigue, and structural modulus of a diesel filter, which also

depend on cell orientation and temperature, have a direct impact on its mechanical and

thermal durability [73–77]. Finally, since all of the physical properties are affected by

washcoat formulation, washcoat loading, and washcoat processing, they must be evaluated

before and after the application of the washcoat to assess filter durability.

19.5.1 PHYSICAL PROPERTIES

The initial filter compositions were designed to offer a number of microstructures to meet

different filtration efficiency and back pressure targets set by engine manufacturers [58].

However, they were not optimized with respect to thermal durability, which became a critical

requirement to survive regeneration stresses. A more advanced filter composition, EX-80,

with superior performance was developed in 1992. This material is a stable cordierite

composition with low CTE and has demonstrated improved long-term durability over a wide

range of operating conditions. Moreover, it offers high filtration efficiency and low pressure

drop. The low CTE reduces thermal stresses thereby permitting numerous regeneration cycles

TABLE 19.5
Comparison of Pressure Drop for Two Filters with Identical Total
Filtration Area but Different Cell Configurations (in mbar)

10.5 in diameter�7 in length
filter (100/17 cell)

10.5 in diameter�5 in length
filter (200/12 cell)

ipch 5 7

ipw 7 10

ips 22 74

iptotal 34 91

From Gulati, S., in Structured Catalysts and Reactors, Cybulski, A. and Moulijn, J.A.,

Eds., Marcel Dekker, New York, 1996, pp. 15–58 and 501–542. Courtesy of Marcel

Dekker, New York.
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without impairing the filter’s durability. This composition is now one of the industry

standards for diesel exhaust after-treatment [61].

Table 19.6 compares the nominal physical properties of EX-80 filter compositions

with two different cell structures as well as those of RC 200/17 and SiC 200/18 filters;

the latter two are more advanced filters that are discussed in a separate section. The

strength and E-modulus data are those measured at room temperature. The axial co-

efficient of thermal expansion is the average value over the 25 to 800�C temperature range.

It is clear from Table 19.6 that the EX-80 filter offers an optimum combination of

properties, namely small mean pore size, high strength, low modulus of elasticity (MOE),

and low CTE, which together ensure superior performance compared with that of the other

filter compositions.

19.5.2 THERMAL DURABILITY

Thermal durability refers to a filter’s ability to withstand both axial and radial temperature

gradients during regeneration. These gradients depend on soot distribution, soot loading,

O2 availability, and flow rate, and give rise to thermal stresses, which must be kept below the

fatigue threshold of filter material to prevent cracking. A detailed analysis of thermal stresses

requires the temperature distribution, which is readily measured with the aid of 0.5mm

diameter, Type K chromel–alumel thermocouples during the regeneration cycle [69–71].

To assess the relative thermal durability of different filter candidates we compute the thermal

shock parameter using physical properties data and the following equation:

TSP ¼
MOR=MOEð Þ@Tp

�c Tc � 25ð Þ � �p Tp � 25
� � ð19:19Þ

TABLE 19.6
Physical Properties of Four Different Diesel Particulate Filters

Property EX-80 (100/17) EX-80 (200/18) RC (200/19) SiC (200/18)

Intrinsic material properties

Melting point (�C) �1470 �1470 �1470 �2400

Density (g/cm3) 2.51 2.51 2.51 3.24

Specific heat at 500�C (J/g/�C) 1.11 1.11 1.11 1.12

DPF material properties

CTE (22 to 800�C) (10�7/�C) 3.3 7.0 6.0 45.0

Wall porosity (%) 48 50 45 43

Mean pore size (mm) 13 12 13 9

Permeability (10�12m2) 0.61 0.61 1.12 1.24

Axial E-modulus (GPa) 4.34 4.69 9.10 33.31

Axial MOR (MPa) 2.83 2.83 4.67 18.62

Thermal conductivity (W/m/�C) 52 52 52 �20

Thermal shock index (�C) 1970 860 855 130

Weight density (g/cm3) 0.46 0.46 0.70 0.85

Heat capacity per unit volume of

filter at 500�C (J/cm3/�C)

0.54 0.51 0.82 0.95

Soot filtration area (1/in) 16.6 23.5 21.5 21.1

From Cutler, W. and Merkel, G., International Fuels and Lubricants Meeting and Exposition, Baltimore, MD,

October 2000, SAE 2000-01-2844. Courtesy of SAE.
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In the above equation Tc and Tp denote the temperature of center and peripheral regions

of the filter during regeneration and �c and �p denote the corresponding CTE values.

In view of the conical inlet pipe near the peripheral region, there is less gas flow in that

region and the temperature Tp is typically 400�C. The center temperature, however, is

higher depending on soot loading, O2 content, and flow distribution. We will assume Tc

to range from 600�C (low soot loading) to 1000�C (high soot loading) and compute TSP

values for each of these Tc values while keeping Tp¼ 400�C. The results of this exercise are

summarized in Table 19.7.

Let us note that the TSP values for EX-80 filters are 400 to 700% higher than those

for SiC filters due, primarily, to their very low CTE values. The higher TSP value sig-

nifies improved thermal shock resistance and extended thermal durability. Alternatively, it

permits higher regeneration stresses without impairing the filter’s durability. It should be

pointed out that Equation (19.19) does not account for 10 times higher thermal conductivity

of SiC which will result in higher Tp and higher TSP values. Hence both EX-80 and SiC

filters will approach comparable thermal shock resistance, notably at higher regeneration

temperatures.

The power law fatigue model [78,79] helps estimate the safe allowable regeneration

stress for a specified filter life. Denoting the filter’s short-term modulus of rupture by S2, the

safe allowable stress S1 is given by

S1 ¼ S2

t2

t1

� �1=n

ð19:20Þ

where t1 denotes the specified filter life, t2 denotes equivalent static time for measuring short-

term modulus of rupture, and n denotes the dynamic fatigue constant of filter composition.

The latter is obtained by measuring MOR as function of stress rate at temperature Tp. For

a conservative estimate of S1, the lowest value of n should be used in Equation (19.20).

The equivalent static time t1 is defined as the actual test duration for measuring MOR divided

by (nþ 1). Since the typical test duration is 30 sec and the lowest value of n is approximately

29 [61], t1ffi 30/30ffi 1 sec. Filter life is generally specified in terms of the number of

regeneration cycles over the vehicle’s lifetime. We will assume a filter life of 250,000 km with

a regeneration interval of 450 km and regeneration duration of 10min. This translates to

t1¼ 6000min¼ 360,000 sec. Substituting these values in Equation (19.20), we arrive at a safe

allowable stress of 1.7MPa or 60% of MOR value in axial direction. This superiority of

the EX-80 filter derives from its higher fatigue constant and MOR value, which, in turn,

are related to its optimized microstructure. The effect of filter size, relative to test specimen,

may reduce the allowable stress to 30% of MOR value.

TABLE 19.7
Axial Thermal Shock Parameter for Cordierite Ceramic and SiC
Diesel Particulate Filters (for Tp¼ 294�C)

Temp. (�C) EX-80 (100/17) EX-80 (200/12) SiC (200/18)

600 4.2 3.9 0.6

700 2.4 2.2 0.4

800 1.5 1.4 0.3

900 1.1 1.0 0.25

1000 0.8 0.75 0.20

From Miwa, S., SAE 2001 World Congress, Detroit, MI, March 2001,

2001-01-0192. Courtesy of SAE.

686 Structured Catalysts and Reactors

© 2006 by Taylor & Francis Group, LLC



19.5.3 MECHANICAL DURABILITY

The mechanical durability of a ceramic filter depends not only on its tensile and compressive

strengths but also on its packaging design [70]. In addition to mechanical stresses due to

handling and processing, the filter package must be capable of withstanding in-service

stresses induced by gas pulsation, chassis vibration, and road shocks. The design of a robust

packaging system for catalyst supports discussed in Section 19.2 is equally applicable to the

is recommended for long-term mechanical durability. In addition, preheat treatment of

intumescent mat also promotes mechanical durability [80].

19.6 ADVANCES IN DIESEL FILTERS

Both the stringent diesel emission legislation in Japan, North America, and Europe (to be

introduced in 2007) and the popularity of diesel passenger cars in Europe have led to new

advances in diesel filter technology. With new legislation in the offing one of the

automotive manufacturers in Europe (PSA) decided to introduce a noncordierite DPF

in MY 2001 diesel passenger cars [24,64]. This created a great opportunity for new filter

materials [25,62–65], new filter designs [64,81], and improved detection techniques for soot

deposits through increased pressure drop [82]. The motivation for developing new materials

stemmed from the need for higher thermal conductivity, higher melting temperature, and

higher heat capacity than those of cordierite ceramic to facilitate regeneration under

uncontrolled conditions [62].

Uncontrolled regeneration is most often described as an unplanned regeneration in which

the combustion of a large amount of accumulated soot occurs under conditions in which

the exhaust gas has a low flow rate but high oxygen content, resulting in temperatures that

far exceed those of controlled regeneration. For example, operation of a diesel engine at

high loads and speeds could produce exhaust temperatures that are sufficiently high to

initiate combustion in a filter that is heavily loaded with soot. If the engine were to

continue running at these conditions throughout combustion, the low oxygen content of the

exhaust gas would result in slow burn, while the higher flow rate of the exhaust would serve

effectively to transfer heat away from the filter. Thus, only moderately high regeneration

temperatures would be achieved. However, if the engine load were to be dramatically reduced

soon after combustion was initiated, such as might occur under near idling conditions, then

the exhaust flow rate would decrease and the oxygen content of the exhaust gas would

increase. The increased oxygen content would accelerate soot combustion, while the lower

exhaust flow rate would be less effective in removing heat from the system to cool the filter.

Consequently, excessively high temperatures could be achieved within the filter during this

uncontrolled regeneration, potentially causing cracking or melting of the filter.

Similarly, the motivation for new designs stemmed from the need for reducing thermal

stresses during uncontrolled regeneration by either limiting the peak regeneration

temperature to 1000�C via higher heat capacity [81] or by incorporating stress-relief slits

in the filter albeit at the risk of impairing mechanical integrity [64]. In this section, we

compare new materials like improved cordierite RC and SiC with the standard cordierite.

We then discuss new filter designs and how such designs impact their performance including

pressure drop.

19.6.1 IMPROVED CORDIERITE ‘‘RC 200/19’’ FILTER

Because there is no known compositional modification that can be made from a cordierite-

based ceramic to increase its refractoriness without also increasing its CTE and
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compromising its thermal shock resistance, survival of a cordierite filter must rely on

modifications in filter design that reduce the maximum temperature the filter will experience

during uncontrolled regeneration.

The temperature increase experienced by the filter during a regeneration is inversely

proportional to the heat capacity of the filter per unit volume for a given exhaust gas flow

rate and soot mass burned per unit volume. The volumetric heat capacity of the filter is

equal to the product of the bulk density of the filter and the specific heat of the ceramic

comprising the filter. Thus, the temperature increase during regeneration can be reduced

simply by increasing the mass per unit volume of cordierite filter [81]. An increase in filter

mass per unit volume may be achieved by increasing the filter cell density (cells per unit

area) or wall thickness, or decreasing the percent porosity of the filter walls. However,

changes in cell geometry or porosity will also have an effect on the pressure drop across

the filter. An increase in cell density decreases the pressure drop by virtue of higher

geometric surface area while an increase in wall thickness increases the pressure drop due

to the increased path length through the wall. Increases in wall thickness are generally

limited by the permeability of the ceramic comprising the wall. A decrease in porosity may

increase the pressure drop unless the effect can be offset by simultaneous modification of

the pore size or pore connectivity.

Development of a cordierite ceramic that exhibits a reduced soot-loaded pressure

drop for a given filter geometry, cell density, and wall thickness requires modification of

the pore microstructure of the ceramic. This may be achieved, for example, by a change

in raw materials, forming parameters, or firing conditions (such as furnace atmosphere,

heating rates, peak temperature, and hold time at peak temperature). The best candidate

resulting from such modifications was designated ‘‘RC filter’’ with a cell structure of

200/19 [25]. compares its properties with those of EX-80, 100/17, cordierite

filter. Figure 19.15 compares the pore microstructure of EX-80, 100/17 and RC 200/19

filters.

It is clear from these data that the RC 200/19 filter offers 25% higher filtration

area, 84% higher wall permeability, 52% higher weight density, and 52% higher heat

capacity. The latter helps reduce the peak temperature of the RC 200/19 filter during

uncontrolled regeneration thereby compensating for its slightly higher CTE value relative

to that of the EX-80, 100/17 filter. Furthermore, both the larger filtration area and

higher wall permeability of the RC 200/19 filter should result in a more uniform soot

distribution and lower temperature gradient thereby preserving or improving its thermal

shock resistance as shown later.

FIGURE 19.15 Scanning electron micrographs of polished section of (a) RC 200/19 filter wall

and (b) EX-80, 100/17 filter wall showing improved pore connectivity of the RC 200/19 filter.
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19.6.2 SIC FILTERS

As noted at the beginning of this section, the European automaker PSA introduced a

compares the properties of cordierite ceramic, RC 200/19 and SiC 200/18 filters. The latter

is a cement-assembled commercial silicon carbide filter from Ibiden. It should be noted

that EX-80 cordierite has the lowest intrinsic material density. Moreover, when the specific

heat and density of the filter are combined, the heat capacity of the cordierite filter turns out

to be lower than that of the SiC filter. A lower heat capacity filter can be heated quickly,

resulting in faster regenerations. Faster regeneration generally means lower regeneration fuel

penalty if raw fuel injection or additional engine power are required to produce sufficient

heat to initiate regular regeneration. While a high heat capacity filter may be desirable for

uncontrolled regeneration (to soak up excess heat), a high heat capacity also makes it more

difficult to heat the filter for regular controlled regeneration.

Thus, the salient issue comes down to balancing heat capacity of the filter with the

material melting point and ash reaction temperature such that the filter regenerates quickly

and efficiently during controlled regeneration while still having a sufficiently high melting

point and/or ash reaction temperature to prevent pin holes and catastrophic failure during

uncontrolled regeneration.

The thermal conductivity of cordierite (52W/m/K) is much lower than that of SiC

(�20W/m/K at 500�C). The thermal conductivity for all these materials drops as the

temperature increases, such that their conductivity at �1300�C is half that at 500�C. The

value of a high thermal conductivity material is a matter of some debate, as the cooling effect

due to high gas flow through the substrate takes heat away from the hot spot much faster

than the conductivity can draw the heat away from the hot spot.

The differences in thermal expansion coefficient, E-modulus, and strength among the

three materials translate into different thermal shock index (TSI) defined by (MOR/E.CTE).

Specifically, the very low CTE and low E-modulus of cordierite materials result in a very high

TSI value. This is significant, as cordierite is well known for its excellent thermal shock

properties. Despite the high strength of silicon carbide, its high CTE and high elastic modulus

lead to a rather low TSI (5200). The segmentation of the commercial SiC may represent an

effort to limit the distance over which thermal stresses can build.

19.6.3 NEW FILTER DESIGNS

As noted earlier, one way to improve a filter’s thermal durability is to reduce the peak

regeneration temperature by increasing its thermal mass or heat capacity. This is most readily

done by modifying the cell design, e.g., by increasing the cell density and wall thickness

simultaneously. A series of regeneration tests were conducted on 2 in diameter� 6 in long

(5.08 cm� 15.24 cm) EX-80 filters, with different cell designs, loaded with 9.6 g/l of soot

and the peak regeneration temperature was measured as function of the filter’s weight or

heat capacity [80]. These data, summarized in demonstrate that the peak

temperature can be reduced by several hundred degrees by increasing the heat capacity

via filter weight. A similar reduction in peak regeneration temperature was observed for

the RC 200/19 filter whose heat capacity is 20% higher than that of the EX-80, 100/17 filter

Another approach to improving thermal durability is to introduce stress-relief slits in the

center region of filter, which can reduce thermal stresses by 20 to 70% depending on slit

with sealing material to prevent soot-laden exhaust gas from escaping. Regeneration tests on

cordierite, SiC, and Si/SiC filters verified that both the improved material properties of the
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SiC filter in MY 2001 diesel passenger cars due to its high thermal conductivity. Table 19.6

Figure

(see Figure 19.17) [25].

19.16,

dimensions and location as shown in Figure 19.18 [64]. Of course, these slits must be filled



FIGURE 19.16 Effect of filter weight on peak regeneration temperature.

FIGURE 19.17 Maximum temperature in 14.4 cm� 15 cm filters of RC 200/19 (g) and EX-80,

100/17 (*) during uncontrolled regeneration versus soot loading.

FIGURE 19.18 Filter design with stress-relief slits.
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Si/SiC filter and the presence of stress-relief slits helped increase the failure temperature from

900�C (for SiC) to 1100�C with soot loading as high as 22 g/l (see Figure 19.19).

The design approach can also be used to reduce the pressure drop across the filter by

increasing its diameter/length ratio while preserving the required filter volume and filtration

area [81].

19.7 APPLICATIONS

19.7.1 CATALYTICALLY INDUCED REGENERATED TRAP

In the early 2000s PSA Peugeot Citroën introduced a particulate filter system on passenger

cars, in which an integrated fuel additive system was applied [83]. This PSA system can be

operated with diesel fuel containing up to 500 ppm sulfur. Currently more than 500,000 units

1. A filter medium made of silicon carbide with temperature and pressure sensors.

2. An integrated fuel additive system that injects the required quantities of the cerium

based catalyst (EolysTM from Rhodia Terres Rares) whenever the fuel tank is

refilled.

3. Common-rail HDI engine monitoring and control software to control filter

regeneration and self-diagnosis of the filter.

The pressure sensor monitors filter clogging, and the engine computer initiates the

regeneration when necessary. The regeneration involves postcombustion, raising the exhaust

fumes to 450�C at the filter inlet. A complete regeneration only requires two to three minutes

and is performed every 400 to 500 km without the driver noticing. The cerium-based catalyst

additive is dissolved in a solution of 5 g cerium per 100ml. It is injected into the fuel tank to

give the diesel a content of cerium of approximately 25 ppm by weight. The 5 l tank of

FIGURE 19.19 Maximum regeneration temperature versus soot loading for three different filters with

and without stress-relief slits.
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additive solution ensures a range of 80,000 km. After this 80,000 km the tank can be refilled

and the filter cleaned with a water jet to remove the cerium and lubricant ash deposits.

For the new type of diesel engine with less soot emission, Rhodia has developed a new type

of additive based on cerium and iron [84]. The claimed advantages are that a lower additive

dosage rate of only 10 ppm can be used, the regeneration starts at a temperature of around

375�C, and the time needed for regeneration is much shorter. As a result the system is more

fuel efficient and the redesigned (larger) filter has only to be cleaned after 300,000 km

(probably the lifetime of the engine).

19.7.2 CONTINUOUSLY REGENERATED TRAP

The NOx-aided continuously regenerated trap (NOx-aided CRT) for trucks and buses was

developed by Cooper and Thoss [54]. It consists of a wall-flow monolith with an upstream

flow-through diesel oxidation catalyst, which is called, in this context, the preoxidizer.

CO and hydrocarbons present to CO2 and H2O, and 20 to 50% of the NO to NO2 [84].

Downstream, the particles are trapped on a cordierite wall-flow monolith and, subsequently,

oxidized by NO2.

The modular design of the separated and detachable preoxidizer and filter provide

flexibility to the system, which is a great advantage for retrofitting different buses and trucks.

In each case, the optimal trap and preoxidizer can be chosen, which in many cases saves

space, heat loss, back-pressure, and system costs.

The filter should produce a surplus of NO2 in order to compensate for time intervals

in which the temperature is too low for regeneration. The surplus NO2 should not be too

high because NO2 is foul smelling in the vicinity of the vehicle, where it has not yet been

sufficiently diluted with ambient air. For the environment, compared with NO, NO2 gives no

additional problems, because NO converts to NO2 anyway on short timescales [85].

The NOx-aided CRT system, as illustrated in Figure 19.21, is an effective catalytic filter

that oxidizes all carbon components in diesel exhaust gas, including small particles and

unregulated compounds, while reducing the NOx concentration by 3 to 8% [86]. It is a simple

FIGURE 19.20 Schematic of PSA Peugeot Citroën system.
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Figure 19.21 shows a schematic of the system. The oxidation catalyst converts 90% of the



concept that allows for fit-and-forget usage. The temperature window of 200 to 450�C is

reasonable; 200�C is needed for CO and hydrocarbon oxidation [86], whereas 450�C relates

to the chemical equilibrium between NO and NO2, which is not favorable above 450�C.

The temperature in the filter should be higher than 425�C for at least 40% of the time for

effective filter regeneration. The balance temperature is actually higher than 425�C and

depends on the fuel sulfur level. The maximum acceptable sulfur level is 30 ppm. Due to

continuous regeneration, extreme temperatures are avoided, which enhances filter durability.

A satisfactory performance for up to 600,000 km [86] has been reported.

Since the system depends on NOx, it will be uncertain if the required NOx-to-soot ratio

for successful regeneration will be met in future engines. One option for less dependency on

engine-out NOx is the multiple usage of available NOx. Therefore, a study to optimize the

oxidation of NO to NO2 and the oxidation of soot was carried out. Coating the filter section

with platinum to reoxidize NO produced from reactions (19.2) and (19.3) is the latest effort to

optimize the system [87].

19.7.3 COMBINED CONTINUOUSLY REGENERATED

TRAP AND CATALYTICALLY REGENERATED TRAP

‘‘Active Oxygen’’ is postulated as a species that plays a role in the newly developed system,

the diesel particulate and NOx reduction (DPNR) Toyota Motors system [88,89]. In the

DPNR system a layer of an ‘‘active oxygen’’ storage alkali metal oxide is deposited along

diesel soot filtration surface areas. On this layer platinum is dispersed. The ‘‘active oxygen’’

is created by the conversion of gas-phase NO over the platinum into surface nitrate species.

These surface nitrates will be decomposed at the interface between the soot and active oxygen

layer into very reactive adsorbed oxygen atom and NO. The NO can be reoxidized to surface

nitrate and the adsorbed oxygen atom is able to oxidize the deposited soot at 300�C and

higher. If the system is not able to convert all deposited soot the back pressure over the

filter will increase and trigger the regeneration of trapped soot due to a temperature rise in

the filter. This increase in temperature is accomplished by injecting diesel fuel directly in the

exhaust stream.

The active oxygen storage material acts at the same time as a NOx trap. When the NOx

trap has reached its maximal allowable buffer capacity for retaining all NOx as nitrates, then

the NOx trap needs to be regenerated. CO and HCs can decompose these nitrates into

nitrogen. These CO and HCs are generated by running the engine rich or by fuel addition

FIGURE 19.21 Continuously regenerating trap (CRT) system. (Courtesy of Johnson Matthey.)
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into the exhaust stream at a temperature of around 450�C. The newly generated CO and

HCs are converted into CO2 by surface nitrates while the nitrates themselves convert mainly

to N2 and, to some extent, to NO. In other words, this type of soot oxidation trap acts as a

soot abatement technology, while at the same time it acts as a NOx abatement technology.

Figure 19.22 illustrates the chemical processes of the Toyota system.

Total reduction of diesel exhaust emissions (CO, HCs, PM, and NOx) is preferably

achieved in a single filter system such as the DPNR system. However, this system may

encounter several problems such as engine ash deposit, complexity of data logging, and the

effectiveness of engine-out NOx concentration. It is reported that the fresh DPNR system

reduces 80% of NOx and PM emissions and might meet the U.S. tier 2 bin 5 or 6 emissions

standards using low-sulfur diesel fuel [90]. It is evident that a fleet test has to demonstrate the

efficiency and robustness of the system.

19.8 SUMMARY

The stringent emissions legislation for diesel-powered vehicles has led to new developments in

both oxidation catalysts and filters. These developments include new materials for catalyst

supports and filters with higher heat capacity, filtration area, and physical durability.

In addition, the advent of low-sulfur fuels is helping in developing catalysts to meet the

300,000 km vehicle durability. Similarly, improvements in engine design have reduced

particulate matter via more efficient fuel combustion. Furthermore, significant progress is

being made in reducing oxides of nitrogen via NOx adsorbers and DeNOx catalysts. Also, a

variety of fuel additives have been developed that help reduce the soot regeneration

temperature thereby reducing thermal stresses and enhancing physical durability of diesel

filters. Twenty-five years of successful experience with ceramic catalyst supports for

FIGURE 19.22 Schematic of the diesel particulate and NOx reduction (DPNR) Toyota Motors system.
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automotive application is proving valuable in designing robust mounting system for diesel

oxidation catalysts. In view of considerably lower operating temperature and longer physical

durability requirement, relative to automotive catalysts, the intumescent mat used in

packaging diesel oxidation catalysts has to be preheated to ensure sufficient holding pressure

on the catalyst against inertia, vibration, and road shock loads experienced in service.

Filter materials having a higher melting temperature than cordierite have also been

developed and are being used in commercial applications subject to more stringent emissions

legislation. These include SiC and RC 200/19, which are able to withstand uncontrolled

regeneration due to either their higher conductivity (SiC) or heat capacity (RC 200/19).

SiC offers higher thermal conductivity and melting temperature, which are very desirable

for uncontrolled soot regeneration, but its order of magnitude higher thermal expansion

coefficient can lead to inferior thermal shock resistance [91]. An improved version, namely

Si/SiC composite material, has recently been developed which offers low thermal expansion

coefficient and superior thermal shock resistance.

Finally, the mounting system can play a major role in ensuring both mechanical and

thermal durability of diesel oxidation catalysts and filters notably for heavy-duty trucks

with severe operating conditions and 500,000 km vehicle durability requirement. Many of

the robust packaging systems employed in automotive applications are equally applicable to

both diesel oxidation catalysts and filters.

The successful introduction of the particulate filter system by PSA Peugeot Citroën and

the continuous regeneration trap (CRT) by Johnson Matthey are the evidence of persistent

and creative research. The catalytic advanced technology of Toyota with their DPNR system

is another clear demonstration of high-standard reactor and catalysis engineering.

NOTATION

Aopen open cross-sectional area (m2)

cp specific heat (J kg–1K–1)

C constant in Equation (19.11)

d diameter (m)

Dh hydraulic diameter (m)

g gravitational acceleration (m sec�2)

k thermal conductivity (Wm�1K�1)

l length (m)

L cell spacing (m)

n dynamic fatigue constant

N cell density (cellsm�2)

�p pressure drop (Pa)

P fractional porosity of filter wall

Q flow rate through filter (m3 sec�1)

S1 safe allowable stress

S2 filter’s short-term modulus of rupture

t wall thickness (m)

t1 specified filter life (sec)

t2 equivalent static time (sec)

T temperature (K)

v gas velocity (m sec�1)

Vf filter volume (m3)

� coefficient of thermal expansion (K�1)

� thermal conductivity (Wm�1K�1)
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� density (kgmf
�3)

� gas viscosity (kgm�1 sec�1)

Subscripts

c center

ch channel

en entrance

ex exit

p peripheral, pore

s soot

w wall

Abbreviations

BPI back-pressure index (m�1)

CTE coefficient of thermal expansion (K�1)

MIF mechanical integrity factor

MOE modulus of elasticity (Pa)

MOR modulus of rupture (Pa)

OFA open frontal area

SFA specific filtration area (m�1)

TFA total filtration area (m2)

TSP thermal shock parameter (K)
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