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Throughout his long and distinguished career with the
Ford Motor Company Haren Gandhi was concerned
with controlling tailpipe pollutants from cars, and
through his work this article reviews the huge amount
of progress made during his four-decade career. His
early work with gasoline engines embraced all of the
major developments ranging from the first platinumbased oxidation catalysts through nitrogen oxides
(NOx) reduction using platinum-rhodium catalysts
and the later introduction of palladium into three-way
catalysts (TWCs) via ‘trimetal’, palladium-rhodium and
palladium-only formulations. Gandhi’s other work
included the interactions of poisons with catalysts as
part of maintaining their in-use performance,the potential for using ruthenium in NOx control in gasoline
TWCs and NOx adsorbing catalysts (NACs) for leanburn engines, and the use of zeolite-based selective
catalytic reduction (SCR) catalysts for effective diesel
engine NOx control. Gandhi received many awards
and honours in recognition of his technical achievements and a selection is mentioned here. Haren
Gandhi is remembered with tremendous fondness and
respect throughout the automotive industry concerned
with exhaust gas emissions control and his technical
contributions towards improving the quality of the air
we breathe will continue to benefit us all.

Haren Gandhi: An Appreciation
Harendra Sakarlal Gandhi (Haren, as he was known)
(Figure 1), was born into a large family in Calcutta,
India, on 2nd May 1941 and raised in Bombay
(Mumbai), the capital of the State of Maharashtra and
then the most populous city in the world. He obtained
a first class honours degree from the Department of
Chemical Technology at the University of Bombay in
1963. Later he moved to the USA where he attended

43

© 2011 Johnson Matthey

doi:10.1595/147106711X540652

Fig. 1. Dr Haren Gandhi photographed on 18th July
1996 prior to attending a meeting accompanied by
the present author in the House of Lords with Lord
Porter and Lord Lewis, to discuss the impact of fuel
sulfur levels on catalytic emissions control systems
the University of Detroit, and on 15th February 1967
he joined the Ford Motor Company in Dearborn,
Michigan, as a Research Engineer while still studying.
In the same year he was awarded a Master of Science
degree, and in 1971 he gained a doctorate in
Chemical Engineering with a thesis entitled
“Adsorption of Nitric Oxide on Transition Metal
Oxides”. By the time Gandhi had completed his doctoral research, the US 1970 Clean Air Act had been
signed. This required a 90% reduction of carbon
monoxide (CO) and hydrocarbon (HC) emissions
from 1970 model year levels by 1975, and a 90%
reduction of nitric oxide (NO) emissions from 1971
model year levels by 1976. These requirements were
major challenges to the car industry, and Gandhi
joined a research team dedicated to achieving them.
Haren Gandhi spent his working life with Ford, first
as a research engineer and, after a number of engineering and scientific positions in the area of automotive catalysis and emissions control, as a Henry
Ford Technical Fellow overseeing Ford’s worldwide
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emissions control projects. He had a keen awareness
of the social benefits that result from improved urban
air quality delivered by emissions control catalysis,
and he wished to extend these benefits around the
world and especially to developing countries. He
began early in the catalytic control of exhaust pollutants, and his successes were driven by a love and
enthusiasm for his work that was supported by always
having a creative research group of excellent scientists and engineers at Dearborn, coupled with the
strong technical links that he developed with leading
scientists from global catalyst manufacturers. He was
a visionary leader with openness to new ideas and
an ability to translate science and research into innovative products that went to series production. He
worked closely with US government organisations
such as the Environmental Protection Agency (EPA)
and the California Air Resources Board (CARB), as
well as national laboratories and universities. Haren
Gandhi is shown in Figure 1 when, on one of his regular European visits, he was invited to the UK House
of Lords to help clarify the detrimental effects sulfur
from fuel has on the performance of autocatalyst systems.
Gandhi was always a most honourable person with
a strong professional appreciation of the ethics associated with commercial dealings. Through his successes he raised the profile of all those who innovate
and are responsible for introducing new technologies, especially those associated with transportation.
Haren Gandhi passed away on 23rd January 2010 and
he will be deeply missed by his many friends around
the world, although his technical contributions
towards improving the quality of the air we breathe
will continue to benefit us all. Above all Haren
Gandhi was a family man, and many technical meetings with him started with talk about his most recent
family holiday or how his grandchildren were developing; he leaves his wife Yellow, his daughter Sangeeta
and his son Anand.
Recognition and Awards
Apart from his earliest research, almost all of Gandhi’s
work involved the application of platinum group
metals (pgms), and his successes were largely based
on the tremendous catalytic activity these metals can
have in optimally formulated practical catalysts.
Gandhi was keenly aware of the unique roles pgms
have in controlling tailpipe emissions. He often
recalled the experience of visiting a pgm mine and
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seeing for himself the very low levels of these metals
in the ore that necessitate extensive concentrating
and refining to provide pure salts of the metals for the
manufacture of catalysts.
One of the earliest awards Gandhi received was
the Chemical Engineer of the Year Award from the
Detroit Section of the American Institute of Chemical
Engineers (1984). This was followed by others
including the UK Institution of Mechanical Engineers
(IMechE) Crompton Lanchester Medal (1987), the
Society of Automotive Engineers (SAE) Ralph R. Teetor
Industrial Lectureship Award (1988–1989), the Technological Innovation Award by Discover Magazine (1990),
the Award for Excellence in Catalysis by Exxon
(1992) and his election to the US National Academy
of Engineers (1999). He heads the list for the number
of Henry Ford Technological Awards, with the last, in
2009, being for the development and integration of
virtual design and optimisation of global diesel aftertreatment systems. But his chief award, and most prized
by him, was the US National Medal of Technology for
research, development and commercialisation of
automotive exhaust catalyst technology and precious
metal utilisation that he received from President
George W. Bush in 2002.
Contributions to Catalytic Emissions
Control Systems
Oxidation Catalysts
In anticipation of the 1975 implementation of the
1970 Clean Air Act several approaches were investigated to meet the demanding HC and CO tailpipe
reduction targets. These included non-catalytic means
such as running gasoline engines lean and having
post-engine thermal combustion devices. But it
became appreciated that the initial requirements
could be met by using an oxidation catalyst in conjunction with an air pump to ensure that the exhaust
was sufficiently lean (containing excess oxygen)
for the oxidation of residual HC and CO to small
amounts of carbon dioxide (CO2) and water (H2O),
Equations (i) and (ii), to take place.
2CO + O2 o 2CO2
2CmHn + (2m + ½n)O2 o 2mCO2 + nH2O

(i)
(ii)

Base metal catalysts were inadequate in terms of
long-term activity and poison resistance (1) while
platinum-based ones performed well, and once sufficient durability was demonstrated catalytic oxidation
was successfully introduced into production. At this
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time a profound decision of lasting importance was
to use coated monolithic ceramic honeycomb catalyst structures, rather than traditional catalyst pellets
initially employed by some other companies which
lacked long-term physical durability.The addition of a
second pgm to oxidation formulations was used by
catalyst manufacturers to provide improved durability, by inhibiting sintering of the very small catalytically-active platinum crystallites under lean conditions.
This could be done with either palladium or rhodium
and for technical reasons Johnson Matthey used small
amounts of rhodium. Later this took on special significance when NOx emissons also had to be controlled – NOx refers to the combined NO and nitrogen
dioxide (NO2) emissions.The control of tailpipe emissions with just an oxidation catalyst only lasted a short
time because the need to reduce NOx emissions by
1976 required implementation of more complex catalyst systems.
NOx Reduction
It was apparent that engine measures alone, such as
exhaust gas recycle (EGR) used to moderate the formation of NOx in an engine by reducing the levels of
oxygen present during combustion, would not be
sufficient to meet the NOx emissions limits by 1976.
It would be necessary to convert NOx to inert nitrogen (N2) to meet the demanding legislation, and a
huge amount of research was directed to understanding how this difficult transformation could be
achieved. At Dearborn, Ford was in the thick of NOx
reduction research. A key scientist there, who became
very important, was Mordecai Shelef with whom
Haren Gandhi worked (2, 3). The possibility of using
base metal catalysts had appeal and this approach
was thoroughly explored; indeed Gandhi’s doctoral
work was concerned with some of the relevant fundamental chemistry. Although dissociation of NO into
its elements is thermodynamically favoured, under
practical lean conditions this could not be done. The
most active surfaces for NO dissociation are metallic,
and dissociative adsorption of NO, Equation (iii), can
be followed by rapid desorption of N2, Equation (iv).
However, oxygen atoms remain strongly adsorbed on
the catalyst surface, and soon coverage by oxygen is
complete and this prevents further adsorption of NO
so its dissociation is halted. Effectively the surface is
poisoned by adsorbed oxygen atoms, and under the
prevailing conditions they can only be removed
through reaction with a reductant, for example with
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hydrogen, as illustrated in Equation (v), or with CO as
in Equation (vi), to provide a clean active surface for
further NO dissociation.
2NO o 2Nads + 2Oads
Nads + Nads o N2
Oads + H2 o H2O
Oads + CO o CO2

(iii)
(iv)
(v)
(vi)

These equations do not imply intimate mechanistic
detail, but rather highlight the key role that surface
oxygen plays in inhibiting NO dissociation.
Consequently, at that time NO emissions could only
be controlled by reduction to N2 in the absence of
oxygen. It was found that the most catalytically active
metals for this process were rhodium and ruthenium,
and Gandhi explored the use of both. The reduction
of NO became a theme that ran throughout his
career.
Reduction/Oxidation Systems
The first practical system to control all three pollutants from cars used two separated pgm-based catalysts (4), the first reduced NOx to N2 and the second
oxidised HC and CO to CO2 and H2O. The upstream
catalyst operated under rich conditions and, after
addition of excess oxygen from an air pump, HC and
CO were oxidised over the downstream catalyst.
However, chemical complexities including overreduction of NOx to ammonia (NH3) by the first
catalyst took place with some formulations, with
remarkably high selectivity and high conversion
(5–7). NH3 emissions are undesirable, although any

NH3 formed in this way would almost certainly be oxidised back to NOx over the downstream oxidation
catalyst, causing significant overall NOx conversion
inefficiency. To combat this, catalyst selectivity was
improved and operating conditions were kept not too
rich. Such two-catalyst systems for controlling HC,
CO and NOx emissions were effective, but the catalyst
and ancillary equipment cost was high.
Three-Way Catalysts (TWCs)
Fundamental work on conversion of the three pollutants HC, CO and NOx as a function of air to fuel ratio
showed that if a gasoline engine is operated around
the stoichiometric point (an air to fuel ratio of about
14.7) a single platinum-rhodium catalyst could
remove the three pollutants simultaneously, and this
concept was christened the three-way catalyst (TWC)
(8, 9) (Figure 2). There was a strong drive for the
introduction of TWCs because of improved cost and
efficiency, but well-controlled stoichiometric engine
operation required implementation of three new key
technologies:
(a) An oxygen sensor to determine whether the
exhaust gas is on the lean or rich side of the
stoichiometric point;
(b) An electronic fuel injection (EFI) system to permit metering precise amounts of fuel into the
engine to maintain stoichiometric operation;
(c) A microprocessor for closed-loop feedback control of the overall system.
By the late 1970s all these features had become available, and TWCs came into production in the early
Fig. 2. Photograph of a cut-away
three-way catalyst (TWC)
converter of a type much used by
Ford in Europe in the early
1990s. For a long time two
separate TWCs were contained in
one can, perhaps reflecting the
time when two separated
catalysts were used with different
functions
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1980s as the technology of choice for controlling all
three legislated pollutants (10). Subsequent addition
of components such as air mass flow meters, better
oxygen sensors, substantial microprocessor and
software improvements and major catalyst improvements enabled TWCs to be integrated into the engine
management system with remarkable results. Today
TWCs can achieve almost complete removal of the
three legislated pollutants, while an onboard diagnostics (OBD) system monitors their performance via
measurement of oxygen storage capacity with two
oxygen sensors. Table I illustrates trends in Californian

emissions limits set by CARB since 1993 (11) that for
several years guided the direction of Gandhi’s work.
The SULEV hydrocarbon limit after 120,000 miles’
driving (0.010 g mile–1, and significantly less than this
when the vehicle is new) can be compared with the
15 g mile–1 of a typical mid-1960s US car to provide a
direct indication of the progress made in controlling
emissions over three and a half decades. Indeed,
tailpipe emissions of regulated pollutants from gasoline cars can now be less than levels in ambient air,
so it could be said that during Gandhi’s career the situation moved from these emissions being a major

Table I
California Gasoline Emissions Standards Set by CARB (11)
Year

Emissions (g mile–1, FTP Test)

Category
HC

1993
1994
2003
2004
2005

–
Tier 1
Tier 1

2007

a

NOx

PM

0.25a

3.40

0.40

–

0.25

b

3.40

0.40

–

0.25

c

3.40

0.40

–

d

0.125

3.40

0.40

0.08

LEV2e, f

0.075

3.40

0.05

0.01

TLEV1
d

0.075

3.40

0.40

0.08

e, f

0.040

1.70

0.05

0.01

ULEV1

d

0.040

1.70

0.20

0.04

SULEV2e, f, g

0.010

1.0

0.02

0.01

ZEV1

0

0

0

0

ZEV2

0

0

0

0

LEV1

ULEV2
2006

CO

NMHC = non-methane hydrocarbons, i.e., all hydrocarbons excluding methane

b

NMOG = non-methane organic gases, i.e., all hydrocarbons and reactive oxygenated

hydrocarbon species such as aldehydes, but excluding methane. Formaldehyde limits
(not shown) are legislated separately
c

FAN MOG = fleet average NMOG reduced progressively from 1994–2003

d

LEV1 type emissions categories phased out 2004–2007

e

LEV2 type emissions limits phased in 2004 onwards

f

LEV2 standards have same emission limits for passenger cars and trucks <8500 lb gross weight

g

SULEV2 onwards 120,000 miles durability mandated

Note: TLEV = transitional low emission vehicle, LEV = low emission vehicle, ULEV = ultra low
emission vehicle, SULEV = super ultra low emission vehicle, ZEV = zero emission vehicle,
CARB = California Air Resources Board, FTP = Federal Test Procedure

47

© 2011 Johnson Matthey

doi:10.1595/147106711X540652

contributor to atmospheric pollution to one in which
car use could help to reduce their levels in the air !
And this was achieved with no more pgm per car
than originally employed (Figure 3), thanks to the
tireless efforts of Gandhi and other catalyst scientists
in the automotive industry.
Ruthenium Catalysts
Although platinum-rhodium-based catalysts were discovered to be effective in NOx reduction, during the
search for NOx reduction catalysts it was found that
ruthenium was particularly effective and had the
advantage of being cheaper than rhodium. However,
the major problem encountered with ruthenium (and
also to a lesser extent with iridium) catalysts is metal
loss via volatile higher oxidation state oxides. Gandhi
with his colleagues undertook research aimed at stabilising ruthenium catalysts against metal loss by
forming stable ruthenates, and this was the subject of
some of Gandhi’s first patents (12–16). There was
some success (17–19), although real-world performance and durability proved insufficient to displace
rhodium from platinum-rhodium TWC formulations.
Palladium Catalysts
The pgms have outstanding catalytic activity and
ruthenium was one of the cheapest for NOx reduc-

•Platinum Metals Rev., 2011, 55, (1)•

tion, but because of durability concerns it was inappropriate for autocatalyst applications. The next most
cost-effective metal was palladium, but it is very
sensitive to poisoning by lead and sulfur. Unleaded
gasoline was introduced to allow the use of catalysts,
and when fuel sulfur levels were reduced in the early
1990s, it became feasible to incorporate palladium
into platinum-rhodium catalysts to form commercially
successful ‘trimetal’ TWCs (20). These still contained
a high proportion of platinum. Palladium-rhodium
formulations were later developed that actually outperformed the older, more costly platinum-rhodium
TWCs. Gandhi became a strong advocate for the
development of ‘palladium-only’ formulations that
provided very good HC control and sufficient NOx
control to meet the legislative requirements of the
time. Gandhi pushed catalyst manufacturers to
develop palladium-only TWC formulations with exceptional thermal durability and this was achieved,
allowing durable palladium-only products to enter
series production in the mid-1990s (21). The
increased demand for palladium caused its price to
increase and this, together with more demanding
legislation that required tighter NOx control, took
rhodium back into TWC formulations (see Table I).
However, the experience and knowledge obtained in
the development of palladium-only catalysts was

Heat shield on the
catalytic converter

Side of the heat shield
on the engine exhaust
manifold

Fig. 3. A photograph illustrating where a three-way catalyst (TWC) can be mounted directly on the engine
exhaust manifold in a modern car. In this position the catalyst can be rapidly heated when the engine is
started with a suitable start-up strategy. Since it runs hotter than if it were located further from the engine,
less pgm is required than otherwise would be the case. However the high temperatures mean that catalyst
thermal durability is essential
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transferred by catalyst manufacturers to developing
advanced palladium-rhodium formulations (22) that
led to remarkable TWCs for super ultra low emission
vehicles (SULEVs) with astonishing performance and
durability using relatively low pgm loadings (23).
Sources and Effects of Catalyst Poisons
Throughout his career Gandhi was involved with
understanding the effects of poisons on automotive
catalysts. In fact, the introduction of catalytic control
of exhaust pollutants was only possible once
unleaded gasoline was made available (for many
years significant levels of toxic tetraethyl lead (TEL)
were used to enhance the octane rating of gasoline).
Lead is a powerful catalyst poison that blocks surface
active sites and forms inactive alloy phases with pgms
(24). Sulfur, a common catalyst poison, originates
from gasoline and also lubrication oil (25). Other poisons derived from lubrication oil include calcium,
zinc and phosphorus compounds. Phosphorus can
form glassy surface layers on the catalyst that prevent
gases reaching the active components (26) as well as
being responsible for other problems (27, 28). Some
TWCs are also susceptible to forming redox-inert
cerium phosphate that degrades washcoat structure
and depletes its vital oxygen storage capacity (29).
Addressing these problems, which forms part of
ensuring that in-use catalyst activity is maintained,
concerned Gandhi. In this area he was also much
troubled by the use of the lead-substitute octane
enhancer methycyclopentadienyl manganese tricarbonyl, because manganese oxide deposits which
form from it degrade engine performance by fouling
the spark plugs and engine internals (30). In the
exhaust system these deposits can inhibit the behaviour of the oxygen sensors which are instrumental in
the proper running of the engine and OBD measurements. Catalyst performance can also be impaired
through a surface coverage/blocking process
(31–37). Recently the manganese fuel additive was
reported to form ultra-fine nanoparticle tailpipe emissions (38, 39) that may themselves give rise to health
concerns (40).
Lean-Burn Gasoline Engines
Over the last decade or so there has been growing
interest in the reduction of greenhouse gas emissions.
Widespread use of lean-burn engines, especially
diesel engines (see below), with improved fuel economy could make significant contributions to lowering
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emissions of the main greenhouse gas, CO2, and starting in the mid-1990s lean-burn gasoline engines had
a revival for this reason. The possibility of operating
gasoline engines under lean conditions with direct
injection of fuel into the cylinder has a number of
attractions, including increased power and fast
response as well as some fuel economy benefits.
Several lean-burn direct injection gasoline engines
in cars followed Mitsubishi’s 4G93 1.8 litre engine
which was first used in Japan and came to Europe in
the Mitsubishi Carisma model in 1995. The fuel mixture is stratified in the cylinder of these engines so
that it can be ignited by the spark plug, and progressively the mixture is leaner further away from the ignition point, so overall the combustion is lean. Thus the
main emissions challenge was to control NOx emissions under lean conditions. Because of these considerations, controlling pollutants from lean-burn
engines became the focus of some of Gandhi’s latest
work at Ford.
The typical catalytic emissions control system for a
direct injection lean-burn gasoline engine, illustrated

Fig. 4. A lean three-way catalyst (LTWC) system. The
upstream three-way catalyst (TWC) is used when the
engine runs stoichiometrically (typically when starting
and during acceleration), and when the engine operates lean the TWC oxidises hydrocarbons and carbon
monoxide while nitrogen oxides (NOx) are removed
by the downstream lean NOx-trap (LNT) (Courtesy of
Ford Motor Company)
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in Figure 4, has in practice a close-coupled TWC for
use when the engine runs stoichiometrically (usually
when starting and during acceleration) and an oxidation catalyst to control HC and CO emissions when
the engine runs lean (41). NOx is then removed by a
cooler downstream NOx absorbing catalyst (NAC)
(also known as a lean NOx trap (LNT)) through a
process involving oxidation to NO2 over a platinum
component followed by its reaction with an alkaline
component to form a nitrate phase, as illustrated in
Equations (vii) and (viii). Before the absorbing catalyst is saturated with nitrate the exhaust is enriched,
causing the nitrate to destabilise and decompose,
Equation (ix), liberating NO that is reduced to N2 over
a rhodium component in much the same way as in a
TWC. Under operating conditions the alkaline component (M), usually the alkaline earth metal barium,
when not nitrated is present as a carbonate, Equation
(x). The overall process is called ‘regeneration’ and
typically takes place every minute or so, with enrichment lasting around a second (Figure 5) (42).
NO + ½O2 o NO2
MCO3 + NO2 o MNO3 + CO2
MNO3 o MO + NO + ½O2
MO + CO2 o MCO3

(vii)
(viii)
(ix)
(x)

In a typical Gandhi way he embraced these concepts with energy and vigour (43–45), and even
returned to his desire to use ruthenium-based
catalysts – one of his recent patents uniquely uses
ruthenium in NAC formulations (46). He considered
lean operation of gasoline engines under a variety of
situations, including when idling, as a way to help
improve real-world fuel economy. However, none of
these approaches have yet gained widespread

(a)

NO + ½ O2

acceptance, perhaps because of technical complexity and the cost of direct injection. However, the
combination of an upstream NAC over which NH3
can be formed during regeneration if the exhaust is
sufficiently rich, followed by an SCR catalyst (see the
section on Diesel Engines) that uses this NH3 to
reduce residual NOx, may well gain acceptance in
diesel engine NOx control (47) as evidenced by several recent publications (48–51).
Diesel Engines
The ultimate lean-burn concept is the diesel engine,
and during the last decade Gandhi gave attention
to the control of diesel engine emissions, especially
NOx (52). In the 1990s major diesel engine developments took place in Europe. The bottom-end torque
and driving characteristics of new turbocharged
direct injection diesel-powered vehicles, coupled
with their outstanding fuel economy (low CO2 emissions) resulted in them becoming very popular.
Around half of all new passenger cars in Europe are
currently diesels. The two most difficult to control
diesel engine emissions are particulate matter (PM)
or soot, and NOx. By 2000 diesel particulate filters in
combination with fuel-borne catalyst (to enhance
periodic burning of PM retained in the filter) were
introduced on some European cars (53, 54). This was
followed by the introduction of catalysed particulate
filters that do not need the fuel-borne catalyst and its
associated equipment. By 2005, small compact catalysed filters had been developed that fit directly on the
engine’s turbocharger and perform all the catalytic
and filtration functions necessary to control HC, CO
and PM (55).
Diesel NOx control has all the problems associated

(b)
CO + HC + H2

CO2

NOx

CO

NO2
Pt

Rh

Ba (
NO 3) 2
BaCO3

Al2O3

Pt

Ba (
NO 3) 2
BaCO3

Rh
Al2O3

N2 +CO2

Fig. 5. Schematic operation of a lean NOx-trap (LNT) or NOx adsorber catalyst (NAC): (a) NOx is removed
from the lean exhaust gas by adsorption onto platinum sites where it is oxidised to NO2 and then converted
to a solid nitrate phase; (b) When the exhaust gas is enriched, the NAC NOx capacity is recovered by
releasing NOx that is reduced to nitrogen over rhodium catalyst sites (42)
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with lean-burn direct injection gasoline engines, exacerbated by lower-temperature operation. Formulation
modifications enabled NACs to be used on diesel
engines (56), but Gandhi generally favoured selective
catalytic reduction (SCR) of NOx with NH3 derived
from hydrolysis of urea supplied as an aqueous solution, Equation (xi). NO and NO2 react differently with
NH3, Equation (xii) and Equation (xiii), and equal
amounts of both react faster than either individually,
so the SCR catalyst is usually located downstream of
an oxidation catalyst to adjust the NO:NO2 ratio for
optimum NOx control performance.
(NH2)2CO + H2O o 2NH3 + CO2
4NH3 + 4NO + O2 o 4N2 + 6H2O
4NH3 + 2NO + 2NO2 o 4N2 + 6H2O

(xi)
(xii)
(xiii)

Since the 1970s SCR technology has been used to
remove NOx from the flue gas of power stations and
the off-gases from industrial processes such as the
manufacture of nitric acid (HNO3) from NH3. Here
the catalyst is vanadium-based and requires quite
high temperatures, close to those available on heavyduty trucks, and over recent years these catalysts have
been increasingly used in these mobile applications.
However, the lower temperatures on cars mean that
catalysts of much higher activity are required to be
effective. Gandhi over several years pushed catalyst
manufacturers to achieve this remarkably difficult
target through the use of new zeolite-based SCR catalysts whose performance is remarkable in the light of
previous technologies, and they are being introduced
into series production (57).
Conclusions
Throughout his entire career Haren Gandhi was
deeply engaged in the technical aspects of emissions
control, and he led the catalyst manufacturers to continually produce technically better products to meet
increasingly demanding legislative requirements. He
saw car tailpipe emissions go from being relatively out
of control (compared to today) and a cause of major
environmental problems, to being well controlled by
innovative catalytic technologies. However, and as
he appreciated, there are always new challenges and
demands in this area, as evidenced by the recent
growth of advanced diesel engines in cars in Europe
with their unique emissions control requirements,
and the growing need to reduce CO2 emissions.
Unlike most in the automotive industry, Gandhi
remained in his specific chosen area, and saw a series
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of major objectives achieved. Because of his wide
experience and depth of knowledge he became
known as a practical emissions control guru. In many
ways Gandhi was unique in the industry and all of
those who knew and worked with him mourn the loss
of a very special friend.
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The mechanism of formation of particulate matter (PM) in the diesel engine combustion process
is outlined, and the increasingly stringent PM emissions limits in current and projected
environmental legislation are noted in the context of the increasing use of fuel-efficient
high-performance diesel engines in passenger cars. The types of filter systems for abating
diesel particulates are described, as are the principles of filter regeneration – the controlled
oxidation of PM retained in the filter, to prevent an accumulation which would ultimately block
the filter and degrade engine performance. PM is characterised in terms of both particle
size (coarse, accumulation mode, and nucleation mode nanoparticles) and chemical composition,
and the filtration issues specific to the various PM types are outlined. Likely future trends in
filter design are projected, including multifunctional systems combining PM filtration with
NOx control catalysts to meet yet more stringent legislative requirements, including European
Stage 5 and 6, and the so called ‘Bin 5’ levels in the U.S.A.

In the ‘bad old days’, when diesel lorries produced clouds of black smoke as they accelerated or
climbed hills, a diesel engine in a car was a rarity,
but during the last few years Western Europe has
seen a huge increase in the production of diesel
passenger cars. Today more than 50% of all new
European cars have a diesel engine (1). This
increased demand results from the introduction of
the powerful turbocharged high-speed diesel
engine that provides excellent driving characteristics with high torque at low speed, and very good
fuel economy. Modern passenger car diesel
engines produce much less soot or PM than did
their older counterparts, because of improved
fuelling and enhanced combustion characteristics.
For instance, fuel pumps operating at very high
pressure enable injection via several very fine nozzles into the cylinder and these injection systems
permit multiple injections of fuel. In spite of the
improvements in PM emissions from diesel powered vehicles, there are still concerns about the
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environmental consequences of these emissions.
Legislation is being introduced that will demand
fitment of PM filters to all diesel car models sold in
Western Europe, with the implementation of the
European Stage 5 emissions requirements (2) starting in 2009. In fact a growing number of new
diesel passenger cars have PM filters, even though
they may not be necessary to meet current legislative requirements.

The Origin of Particulate Matter
The operation of a diesel engine involves compressing air in the cylinder producing heat via the
Joule-Thomson effect, and then injecting finely
‘atomised’ fuel under very high pressure (up to
2000 bar) directly into the hot gas that causes it to
explosively combust. The exact details of the combustion process are the subject of active research,
and it is clear that the atomised fuel droplets evaporate and burn in a fuel-rich region limited by
ingress of oxygen into the burning flame front. In
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the fuel-rich zone, carbon forms from reactive
intermediates. Subsequently when excess oxygen is
present the carbon that has formed may be burnt,
and if this is not completed when the combusted
mixture is discharged from the cylinder through
the exhaust ports, a residue of fine carbon cores
remains in the exhaust gas. As the gas cools during
passage into the exhaust manifold, turbocharger
and the associated pipework, the carbon particles
agglomerate forming high surface area material
onto which uncombusted and partially combusted
products adsorb, as well as sulfur oxides and nitrogen oxides (NOx) formed during the high
temperature combustion in the cylinder.
When inhaled the scale of some of the smallest
nanosized particles enables them to pass almost
unheeded into the lungs and then even into the
bloodstream. It is this mobility, coupled with the
composition of the cocktail of adsorbed species,
which gives rise to environmental health concerns. Figure 1 illustrates schematically the nature
of diesel PM, and Figure 2 shows a chromatograph trace that indicates the very large number of
different species that are adsorbed on typical
diesel car PM.
The amount of exhaust PM that European
diesel cars are permitted to emit has decreased
considerably over the last couple of decades, and

this is illustrated graphically in Figure 3. The
European PM emissions limits have decreased by
more than an order of magnitude since 1983.
Although the test conditions for each of the emission levels are not exactly the same, the overall
downward trend is clear. The very low passenger
car PM emissions limits for the European Stage 5
legislation, due to be phased in during 2009, can
only be achieved through the fitment of filters, and
legislation in other parts of the world will mean
that filters will also be fitted to diesel cars elsewhere in the future.

Diesel Particulate Filter Types
Several types of ceramic and sintered metal
diesel particulate filters (DPFs) have been developed. The most successful and the most
commonly used commercially, are porous ceramic
wall-flow filters, as shown schematically in
Figure 4. Refractory materials used to make them
include cordierite, silicon carbide and aluminium
titanate. Alternate channels are plugged, so the
exhaust gas is forced through the channel walls.
The exhaust gases pass through the walls but the
PM does not and it is trapped in the filter. As PM
accumulates in the filter, the backpressure across it
increases, and if this continues it will become
excessive, and significantly degrade engine

Solid
carbon
cores
Vapour phase
hydrocarbons

Solid carbon cores
(0.01–0.08 mm),
agglomerate (0.05–
1.0 mm) and adsorbed
vapour phase species

Adsorbed
hydrocarbons

Soluble organic
fraction (SOF)/
particle phase
hydrocarbons

Liquid condensed
hydrocarbon
particles
Adsorbed
hydrocarbons

Hydrated sulfate
species

Hydrated sulfate
species
Fig. 1 Schematic representation of diesel particulate matter (PM) formed during combustion of atomised fuel droplets.
The resulting carbon cores agglomerate and adsorb species from the gas phase
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Fig. 2 A gas
chromatogram showing
that a large number of
organic species are
adsorbed on diesel PM.
Each peak corresponds
to a specific compound
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performance – ultimately the engine will stop! It is
therefore essential that the backpressure across the
filter is not allowed to rise above a predetermined
limit, so PM must periodically be removed from
the filter to prevent this from happening. The best
way of removing PM from the filter is to oxidise it
to carbon dioxide (CO2) and water.

Filter Regeneration
The process of oxidising retained PM in a diesel
filter is called regeneration (3, 4). The temperature
of diesel passenger car exhaust gas rarely exceeds
250ºC during urban driving, so the use of nitrogen
dioxide (NO2) as shown in Equations (i) and (ii)
for combustion of trapped PM (written as “CH”)
that takes place at temperatures in the range 250 to
400ºC can only remove some of the accumulated
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soot when suitable temperature conditions are
achieved:
2NO + O2 → 2NO2

5NO2 + 2“CH” → 5NO + 2CO2 + H2O (ii)
In contrast, heavy-duty trucks and buses operate
at higher temperatures and therefore the regeneration with NO2 is very effective and continuously
cleans the filter. Whilst the exhaust gas temperature for cars is too low for this regeneration
method when driving in urban conditions, at
speeds of around 100 km h–1, the exhaust gas
temperature can be sufficiently high for nitric
oxide (NO) in the exhaust gas to be oxidised over
a platinum catalyst, producing NO2 which can in
turn oxidise retained PM in the filter, as in
Equation (ii). This type of regeneration is called
Fig. 3 The decrease in
European legislated PM
passenger car emission
limits. Since 1983 the
permitted emissions
have been reduced by an
order of magnitude, and
future stringent
legislation will demand
the fitment of filters
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Fig. 4 A schematic
representation of a ceramic wallflow filter. The arrows indicate
the gas flow through the walls.
PM is trapped in the upstream
side of the filter, and periodically
this has to be removed to prevent
unacceptable pressure-drop
across the filter (Courtesy of
Corning Inc)

‘passive regeneration’. But to provide a regeneration method for all driving conditions, an ‘active’
form of regeneration must be employed that
periodically increases the exhaust gas temperature
to burn PM in the filter with oxygen (typically 550
to 600ºC) every 400 to 2000 km, depending on the
actual driving conditions. Three commercial filter
systems developed for cars using active periodic
oxygen regeneration are illustrated in Figure 5.
‘Generation 1’ employs one or two platinumbased oxidation catalysts in front of the filter to
control hydrocarbons (HCs) and carbon
monoxide (CO) emissions. The catalyst also
oxidises extra partially burnt fuel when it is

injected into the engine, to raise the exhaust
temperature for active PM combustion with
oxygen (5). This system was introduced in 1999 (6)
and uses a base metal fuel additive to lower the
temperature for PM combustion with oxygen. The
first fuel additive was based on ceria, and others
now in use contain base metals such as iron or
strontium, and one based on platinum has been
described. These multicomponent systems work
well, although they are costly and fuel additive
residues are retained in the filter as inorganic ash
(see below), and this contributes to a higher backpressure across the filter than would be the case if
no fuel additive were used.

Generation 1: Fuel additive type
FLOW

DOC

DPF

DOC

CSF

Generation 2: DOC + CSF
FLOW

Generation 3: CSF-only (integrated oxidation catalyst)
FLOW

CSF

Platinum Metals Rev., 2009, 53, (1)

Fig. 5 Three filter systems used on
diesel cars:
Generation 1: there is a platinum
oxidation catalyst before the filter to
periodically burn partially combusted
fuel to achieve high temperatures, and
a fuel additive is used to lower the PM
combustion temperature;
Generation 2: no additive is
employed, the filter contains catalyst
to accelerate PM combustion;
Generation 3: all of the required
catalyst functionality is incorporated
in a single filter.
DOC = platinum-only or
platinum/palladium diesel oxidation
catalyst; DPF = diesel particulate
filter; CSF = platinum-only or
platinum/palladium catalysed soot
filter
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Normalised concentration, (1/Ctotal)dC/dlog(Dp/nm)

‘Generation 2’ has the advantage of using no
fuel additive. As well as one or two upstream
oxidation catalysts, the filter has catalyst in the
walls to promote PM combustion, and today many
cars use this configuration. The more recently
introduced (2005) ‘Generation 3’ by Johnson
Matthey requires neither a fuel additive nor an
upstream catalyst. It comprises a single catalysed
filter, incorporating all of the oxidation catalyst
functionality to oxidise HC and CO during normal
driving, and to periodically oxidise extra partially
burnt fuel to raise the temperature sufficiently to
combust PM with oxygen during active regenerations. Under some conditions, the catalyst might
also oxidise some NO to NO2 to provide some
passive PM removal during high-speed driving.
This system is thermally the most efficient, because
during active regeneration there is only the filter to
heat, which is mounted actually on the engine
turbocharger so as to minimise heat losses. The
oxidation reactions used to boost the temperature
actually take place in the filter, in the same location
as the retained PM (7, 8). In contrast, systems with
a separate upstream catalyst lose some of the heat
0.25

Nuclei mode:
Usually forms from
volatile precursors
as exhaust dilutes
and cools

0.2

provided during regenerations to the surroundings
via the pipework between the turbocharger and the
filter and so are less thermally efficient.

Particulate Matter Nanoparticles
Figure 6 shows the range of particle sizes
typically present in diesel exhaust gas. Filters can
remove the larger, coarse, micron-sized PM and
‘accumulation mode’ particles above 100 nm in
size that together account for almost all of the PM
mass. Very small nanoparticles, about 10 nm and
even smaller in size, are now being addressed
because when they are inhaled they can pass
through the bronchial tissue into the bloodstream.
Although collectively they have very little mass,
they can be present in huge numbers. Recent
research (9) indicates that most of this ‘nucleation
mode’ PM comes from volatile organic or
inorganic precursors that are formed as the
exhaust gas cools. Laboratory and on-road studies
on heavy-duty diesel engines show that when hot,
the platinum oxidation catalyst can effectively
remove all the HCs in the exhaust gas. Then, most
of the nucleation mode PM is inorganic ‘sulfate’,

Fine particles,
Dp < 2.5 μm

Nanoparticles,
Dp < 50 nm
Ultrafine particles,
Dp < 100 nm

In some cases
this mode may
consist of very
small particles
below the range
of conventional
instruments,
Dp < 10 nm

0.15

0.1

PM10,
Dp < 10 μm

Accumulation mode: Usually
consists of carbonaceous
agglomerates and adsorbed
material

These modes
eliminated by
filtration

Coarse mode: Usually
consists of reentrained
accumulation mode
particles, crankcase fumes

0.05

0
1

10

100
Diameter, nm
Number

1000

10,000

Mass

Fig. 6 Classification of diesel engine PM according to size. Most of the PM mass (dashed line) is associated with the
accumulation-mode (~ 100 nm) and coarse-mode particles, but there are many more nanoparticles (solid line) in the
nucleation mode (~ 10 nm) that are so small they can penetrate the human bronchial system (Courtesy of Professor
David B. Kittelson, Center for Diesel Research, University of Minnesota, U.S.A.)
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probably as sulfuric acid, ammonium sulfate
((NH4)2SO4) or ammonium hydrogen sulfate
(NH4HSO4) derived from sulfur compounds
originally present in the diesel fuel and lubrication
oil and traces of ammonia (NH3) present in the air.
The lifetime of this PM is expected to be short,
because such very fine particles coalesce and
undergo other processes that take them out of the
air (10). As expected, they are not formed if the
sulfur concentration in the fuel and oil is reduced
to below a critical level. Research in this area is
very active, and more work is needed to obtain a
full understanding of the nature and reactivity of
nanoparticles from diesel exhaust gas. However,
recently it was shown that careful chemical design
of catalytic filter systems can control emissions of
nanoparticles, as well as the coarser types of PM
(11), and work in this area is continuing.

Inorganic Ash
Inorganic compounds are added to lubrication
oils as viscosity modifiers and to provide antiwear
and antioxidant properties, and to keep solid
matter, especially soot, in suspension. The more
commonly used compounds contain elements
such as phosphorus, calcium, zinc, magnesium and
sulfur (12, 13). These elements can be present in
the exhaust gas, having originated from the small
amounts of oil burnt in the cylinder, and they are
retained as stable compounds in the filter.
Similarly, inorganic species derived from the fuel
are also trapped in the filter. As mentioned above,
PM combustion aids are used as fuel additives in
the first generation of filters on passenger cars, and
these can include compounds of elements such as
cerium, iron or strontium.
Because of the very high temperatures during
combustion in the engine, the nature of the
species present in the exhaust gas is determined by
their thermodynamics (14), as is the composition
of the ultimate deposit in the filter. Typically, zinc
phosphate and calcium sulfate, together with
material resulting from engine wear, are found in
filters after a car has travelled large distances.
Although the rate of ash accumulation in the filter
is gradual, its presence does cause the
backpressure across the filter with no PM present
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to increase over the lifetime of the vehicle. The
gradual backpressure increase caused by accumulating inorganic ash can be minimised in three
main ways: using a larger filter, using lubrication
oils with reduced concentrations of inorganic
additives (‘ashless oil’), and using filters with
asymmetric channel structures that provide a
larger inlet volume compared to that in the outlet
side. The last approach may result in slightly
higher backpressure for an asymmetric filter than
for a symmetrical one, when fresh, but this relative
difference decreases as ash accumulates in the
filter and the asymmetric structure then has the
lower backpressure (15). The advantage of
asymmetric channels in the long term is
significant, and filters of this type are likely to be
used increasingly in the future. During the development of modern emissions control systems, it is
essential that the performance be maintained over
very many miles of use. Durability is tested both
by real-world driving trials and by laboratory
work, as illustrated in Figure 7.

Fig. 7 Durability testing of a compact diesel particulate
filter on a vehicle. The robot (upper right insert) ‘drives’
the car in simulated service, and the emissions are
measured periodically over the European test cycle to
confirm that the emissions control system is working
correctly
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Future Filter Systems
Fitment of filters to diesel engines is environmentally important, and future legislation will
demand their use in Europe and elsewhere around
the world to reduce PM emissions. The overall
trend in diesel emissions control systems is one of
increasing complexity. Initially, platinum-based
oxidation catalysts were used on diesel cars to
control HC and CO emissions (16). More
recently, PM filters were introduced, and the types
used have evolved so that now all of the catalytic
oxidation and filtration functions can be
incorporated in a single relatively small filter. In
the future, additional control of NOx emissions
from passenger car diesel engines will be done by
one of two processes. In the first, NOx is
converted to nitrate species within a catalyst and
they are periodically reduced to nitrogen (N2) by
pulses of enriched exhaust gas obtained by late
injection of fuel into the engine. This approach has
the advantage that the reductant for converting
NOx to N2 (diesel fuel) is already available on the
vehicle. The second method uses ammonia as the
reductant, which is derived from an aqueous urea
((NH2)2CO) solution that is injected into the hot
exhaust gas. Over a special catalyst, the ammonia
selectively reduces NOx to N2 (a process known as
selective catalytic reduction (SCR)). To be costand space-effective, some of these functions will
be combined in single components. So SCR or
NOx-trapping components are likely to be
incorporated into future designs of filters fitted to
diesel passenger cars. When CO, HC, PM and
NOx emissions are controlled by a single unit, the
systems will be known as ‘four-way catalysts’
(FWCs) (17).

Conclusions
Sophisticated emissions control systems are
being developed for fuel-efficient (lower CO2)
modern diesel engines in passenger cars. For
several years platinum-based catalysts have been
fitted to diesel engine exhausts to oxidise CO and
HCs, and the spotlight is now on preventing PM
from entering into the atmosphere. This is done
with wall-flow filters, and periodically it is
necessary to combust the PM retained in the filter
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to prevent build-up of PM. This is done by
catalytically oxidising with platinum-based
catalysts extra fuel that is partially burnt in the
engine to achieve the temperatures needed to burn
PM with oxygen. Catalytic filter systems are
capable of eliminating coarse and accumulation
mode PM from diesel exhaust, and the latest and
most efficient of these used on cars is mounted
directly on the turbocharger in the small space in
the engine compartment. The small filter contains
all of the catalytic functionality to oxidise CO and
HCs during normal driving, as well as to oxidise
additional CO and HCs to provide sufficient
temperature for regenerations with oxygen.
Nanoparticles from diesel engines are the subject
of much research, and ways of controlling them
are understood. In the future, NOx reduction
systems will be needed to meet legislative requirements, and will involve NOx-trapping technology
or SCR using ammonia derived from an aqueous
solution of urea. Once these approaches have
been fully developed, it is likely that multifunction
four-way catalyst systems will be developed,
analogously to the use of three-way catalyst
systems on traditional gasoline passenger cars.
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Introduction
Thirty-five years ago the use of catalytic systems for
controlling tailpipe pollutants from vehicles was
virtually non-existent, yet now every new car in the
major countries of the world is equipped with one or
more emissions control catalysts. Over this time the
autocatalyst industry has grown to become a multibillion dollar worldwide business, and underpinning
this success is the extremely high catalytic activity
of the platinum group metals (pgms), especially
rhodium and palladium as well as platinum itself.
On a vehicle, operating conditions are not smooth
and steady as they are on a large single-stream
methanol or ammonia plant (1). Low-temperature
catalyst activity is vital during ‘cold-starts’ and very
high temperatures (1000°C) can result from occasional engine misfires so very good catalyst thermal
durability is a prerequisite. Conditions are highly
transient – the gas flow rate changes often and it pulsates as exhaust gas is discharged from each cylinder
in turn. The exhaust gas flow can be very high and the
corresponding space velocity much higher than in a
chemical plant, and there can be detrimental catalyst
poisons such as sulfur and phosphorus species in
the exhaust gas, as well as continuous physical vibration etc.
The primary pollutants from combustion of petrol,
diesel and other hydrocarbon fuels such as liquefied petroleum gas (LPG) and compressed natural
gas (CNG) are unburnt or partially oxidised hydrocarbons (HCs) and carbon monoxide (CO). Nitric oxide
(NO) is also present, being formed from oxygen and
nitrogen combining at the high-temperature flame
front during combustion. Once in the air HCs and NO
can undergo a series of photochemical reactions that
lead to even more noxious secondary oxidising pollutants such as ozone (O3) and organic compounds
like peroxyacetyl nitrate (PAN) that are powerful and
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very unpleasant lachrymators. So while cars and
other vehicles with internal combustion engines have
given society previously undreamt of mobility, they
have also contributed to major undesirable environmental consequences (2, 3).The approach for solving
this problem has been to deal with the primary pollutants at their source and prevent them from entering
the environment by catalytically oxidising HCs and
CO, and catalytically reducing NO to small amounts
of water (H2O), carbon dioxide (CO2) and nitrogen
(N2). And in the case of three-way catalysts (TWCs)
these three reactions are done simultaneously.
Catalytic Air Pollution Control
Since their introduction the importance of catalytic
control technologies has grown, and the first edition
of the book “Catalytic Air Pollution Control”by Ronald
Heck and Robert Farrauto (then with Engelhard
Corporation), published in 1995 as a relatively slim
volume with a little more than 200 pages,was a particularly significant contribution (4). Its appearance was
timely and it provided a valuable easy-to-read reference for those working in the area of environmental
control, and especially the catalytic control of tailpipe emissions from passenger cars. Seven years later
there followed an enlarged second edition (5) with
almost twice the number of pages. Suresh Gulti,
formerly with Corning Incorporated, joined the two
original authors and his contributions provided additional coverage of the ‘chemical engineering’ aspects
of conventional flow-through monolithic catalysts,the
design and sizing of ceramic diesel particulate filters
and other related substrate details. The latest, third
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edition has 522 pages, and is again an enlargement
and update over the previous edition and covers the
recent developments.
The Third Edition
The present book is divided into four main sections:
the first deals with ‘Fundamentals’ and is followed
by sections entitled ‘Mobile Sources’, ‘Stationary
Sources’, and ‘New and Emerging Technologies’. The
‘Fundamentals’ section has been expanded to give
more detailed background on kinetics of catalytic
reactions, characterisation of catalysts and their
modes of deactivation. In this section there are chapters on catalyst fundamentals, preparation of the
components of monolithic-based catalysts, catalyst
characterisation, the chemical engineering of catalysts,including the chemical kinetics of catalytic reactions, heat and mass transfer considerations, and
pressure drop characteristics. The last chapter in this
section deals with the various modes of catalyst deactivation including: thermally induced modes such as
sintering; poisoning by, for example, sulfur species
and lubrication additives such as calcium, zinc and
phosphorus; and washcoat loss. Importantly it also
covers the diagnostics used to identify the mode of
deactivation in practical situations.
The second section deals with ‘Mobile Sources’ and
forms the heart of the book, with some 270 pages and
more than 500 cited references concerned with automotive catalysts and the substrates used to produce
them (see Figure 1). The introduction of emissions
control catalysts on cars is classified chronologically
into different generations, and the most important
Fig. 1. Metal foil-based
substrates (left) as well
as extruded cordierite
substrates (right) are
used to manufacture
three-way catalysts for
gasoline engines and
oxidation catalysts
for diesel engines.
NOx-trapping and
selective catalytic
reduction catalyst
formulations for leanNOx control are also
coated onto flowthrough substrates
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areas of TWCs for controlling emissions from stoichiometric gasoline engines and oxidation catalysts and
particulate filters for diesel engines (see Figure 2) are
well covered. The control of NOx emissions under the
lean conditions of a diesel engine is not straightforward and the technologies being implemented are
NOx-trapping with a basic catalyst component such
as an alkaline earth with periodic exhaust gas enrichments to convert stored nitrate to nitrogen, and selective catalytic reduction (SCR) with ammonia derived
from an aqueous urea solution. Both approaches are
now in series production. Some of the legislative
emissions requirements are touched on in this chapter, and details of the test cycles used in different
regions of the world are provided. However, the focus
is mainly on chemical and catalytic technical aspects
such as the stabilisation of alumina surface area, and
details of engine-based cycles used to accelerate the
ageing of catalysts during development work – an
aspect that often has slight attention paid to it in academic studies, but is vital when developing practical
catalysts that have to maintain high performance over
120,000 (or more) miles of use! Another technology
that is often overlooked is the retaining of ceramic
monolithic catalyst in a stainless steel can – here it is
covered in considerable detail.The section concludes
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with a relatively short (17 pages) chapter on the catalytic decomposition of ozone in high-flying aircraft.
The next section deals with the control of pollutants
from ‘Stationary Sources’, and is a third of the size of
the previous one on mobile sources. It has four chapters concerned with ‘Volatile Organic Compounds’
(VOCs), ‘Reduction of NOx’, ‘Carbon Monoxide and
Hydrocarbon Abatement from Gas Turbines’and ‘Small
Engines’. The first chapter here includes emissions
from sources such as catalytic incineration and wood
burning stoves. Interestingly this is one of the few
areas where deactivated catalysts are regenerated
routinely. With modern pgm-based VOC oxidation
catalysts sintering is not a problem and deactivation
usually takes place through fouling or masking of
the surface by material present in the flue gas. The
most commonly used regeneration technique is to
chemically wash the catalyst to dissolve the offending
material without disrupting the structure of the
underlying catalyst. Treatments often make use of
mild acids and chelating agents, and if properly done
catalyst lives may be extended to between five and
ten years. However, in general the overall economics
of catalyst regeneration mean that in some situations
it might be more appropriate to replace old catalyst
with new, depending on the time it takes to carry

Fig. 2. Cutaway view of a catalysed soot filter (CSF) mounted directly on the turbocharger
of a passenger car diesel engine. This cost-effective technology efficiently controls hydrocarbon, carbon monoxide and particulate emissions into the environment (Image copyright
Martyn V. Twigg)
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out the regeneration procedure and the economic
penalty of not having the catalyst operating.
The final section on ‘New and Emerging Technologies’ is relatively small (49 pages) and includes
on-vehicle ambient ozone decomposition by catalytic coatings on radiators. At first a platinum catalyst was suggested and later a particular form of
manganese dioxide containing the complex anion
called cryptomelane, (Mn(IV)6Mn(II)2O16)–, which is
more cost effective than platinum, went into series
production on some cars. However, this technology
has not been as widely adopted as was thought
would be the case. A larger chapter then considers
fuel cells and the generation of on-board hydrogen
for mobile applications such as fuel cells. First, types
of fuel cells are discussed, and the authors concentrate on the low-temperature proton exchange membrane (PEM) fuel cells that use pgms as electrocatalysts. Then routes to hydrogen are detailed. In the
chemical industry this is done via steam reforming of
hydrocarbons, especially natural gas, to form a mixture of hydrogen and carbon oxides (mainly CO)
called synthesis gas, or syngas, that is used in large
single-stream plants to manufacture ammonia and
methanol (1). For mobile on-vehicle use methanol is
a very convenient ‘fuel’ for hydrogen production via
low-temperature steam reforming over copper-based
catalysts (6). It will be interesting to see if these
electrically-based power systems will have sufficient
advantages to replace the highly refined ultra low
emission internal combustion engines in the future.

courses.The cited references are collected together at
the end of each chapter, and since there is no author
index, tracking the work of a particular research
group in different areas can be difficult. However, the
titles of papers referred to are provided and this is
helpful in identifying papers a reader might wish to
pursue further. There is a subject index that usefully
could be more exhaustive; it occupies only five pages.

Commercial Catalytic Systems
This book is unlike most textbooks on catalysis. The
authors are industrial researchers who have been
deeply involved in the development and application
of innovative commercial catalytic emissions control
systems for vehicles. They were responsible for many
successful innovations that have benefited society,
and in some ways their book gives a hint of the excitement of doing this. Throughout the book the emphasis is on the applied aspects and what is actually done
industrially. Catalytic systems are included for both
stationary and mobile sources and because the
authors are from industry the topics are considered
from a very practical point of view that is not found
in standard textbooks. However, there are questions
at the end of each chapter, rather in the form of a
college textbook, and these would be of value to
instructors using the book for specialist graduate
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Concluding Remarks
Overall this is a very good book that provides real
technical insight into an important area of catalysis.
Although there are occasionally some inaccuracies,
for instance the mechanism of filtration with diesel
particulate filters, this book will be of benefit to those
working in the immediate area of catalytic pollution
control, as well as those concerned with broader
aspects of environmental chemistry both at the professional and student levels. Librarians are encouraged to ensure this volume is on their shelves.
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Automotive Exhaust Emissions Control
By Martyn V. Twigg
Johnson Matthey Catalysts, Orchard Road, Royston, Hertfordshire SG8 5HE, U.K.

The technical sessions on emissions control at
the Society of Automotive Engineers (SAE) 2003
World Congress, held in Detroit earlier this year
were well attended and covered systems for conventional gasoline engines, lean-burn gasoline and
diesel engines (1). Sessions on emissions from
diesel engines attracted strong interest and more
attendees than there were seats! This reflects the
wide acceptance in Europe that modern diesel cars
have gained due to improvements in recent years.
Driving characteristics of modern diesel cars are
now excellent with engine noise and smell virtually eliminated while high bottom-end torque and
good fuel economy are maintained. This raises the
possibility of using modern diesel engines in North
American pick-up trucks and popular sport utility
vehicles (SUVs) to achieve major fuel savings and
reduced carbon dioxide (CO2) emissions.
However, there are major challenges in meeting
ultra low emissions requirements for particulate
matter (PM) and nitrogen oxides (NOx).
In this article a selection of technical papers
highlighting the roles of platinum group metals
(pgms) in catalytic emissions control systems are
reviewed. The reference numbers of the papers are
given in parentheses: most are available in SAE
Special Publications of selected papers (2). Two of
these, dealing with diesel emissions, are available
on a CD-ROM (Diesel Emission Measurement,
Modeling, and Control, SP-1754CD) (3). Here,
emissions control systems for conventional gasoline engines are considered first, then lean-burn
gasoline and lastly diesel engine technologies.

Conventional Gasoline Engine
Catalysts

The most stringent car emissions requirements
are the Californian Super Ultra Low Emissions Vehicle
(SULEV) standards that demand hydrocarbon
(HC) emissions over the American Federal Test
Procedure (FTP) to be 0.01 g mile1 after 120,000
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miles, and the even more demanding Partial Zero
Emissions Vehicle (PZEV) standards requiring SULEV
emissions levels for 150,000 miles. These emissions are so low that measuring them (engineering
targets ~ 0.008 g mile1) requires state-of-the-art
analytical equipment. Such emissions can only be
achieved by combining a highly efficient catalyst
system with precise engine fuelling and efficient incylinder combustion. In fact, the catalytic
conversion of HC must take place within a few
seconds of engine start-up, therefore mounting the
three-way catalyst (TWC) close to the exhaust
manifold is essential. The use of TWCs (based on
metallic substrates with different cell densities) in
this close-coupled position was described in a
paper by Emitec, Johnson Matthey and South
West Research Institute (2003-01-0819). As
expected, higher cell density catalysts improved the
light-off characteristics, but key are the engine
start-up strategy and the rate of temperature
increase provided by the hot exhaust gas. The
practical optimal catalyst cell density depends on
the actual application.
The University of Stuttgart and Volkswagen
(2003-01-1001) reported results from a mathematical model of a TWC operating in a high
conversion SULEV system based on the following
reactions:
H2 + 0.5O2 ® H2O
CO + 0.5O2 ® CO2
C3H6 + 4.5O2 ® 3CO2 + 3H2O
C3H8 + 5O2 ® 3CO2 + 4H2O
H2 + NO ® H2O + 0.5N2
CO + NO ® CO2 + 0.5N2
C3H6 + 9NO ® 3CO2 + 3H2O + 4.5N2
C3H8 + 10NO ® 3CO2 + 4H2O + 5N2
Ce2O3 + 0.5O2 ® 2CeO2

(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)
(viii)
(ix)

The oxidation Reactions (i)(iv), the reduction
Reactions (v)(viii), and the catalysts uptake and
release of oxygen Reaction (ix) describe the overall
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chemistry taking place. A model in which the
mechanisms involved in oxygen storage and
release were combined in a single rate expression
gave an acceptable mathematical description when
tested against emissions from a SULEV car. The
validating car had a rich start-up strategy with air
injected into the exhaust gas to ensure very rapid
heating of the underfloor catalyst following a cold
start. There was good agreement between measured and simulated temperatures in the catalyst,
and small differences were attributed to difficulties
of temperature measurement. There was also good
agreement between simulated and measured coldstart emissions. Special attention was given to
transient behaviour and in general good agreement
with the simulation was obtained. The model
helped in understanding the observed overall
behaviour.
The theme of advanced TWC formulations
requiring less pgms than current technologies 
developed at last years Congress (4)  was continued by Honda (2003-01-0814). Honda described
TWCs containing perovskite and other mixed
metal oxides. Previously, perovskites lacked the
stability for successful operation in modern TWCs,
due, for example, to the formation of inactive aluminates and silicates. Hondas test vehicle was a
2001 SULEV car with a 2.3 litre four cylinder
engine, a rapid warm-up strategy and a precisely
controlled air/fuel ratio. The car had two underfloor catalysts: a 0.7 litre and a 1.0 litre on 600 cell
inch2 and 4.3 mil (1 mil = 0.001 inch) wall substrates; the washcoat had 33 g ft3 pgm containing
platinum (Pt), palladium (Pd) and rhodium (Rh)
(4:25:4). After ageing to the equivalent of 120,000
miles the car was still able to meet LEV-II LEV
standards for all three pollutants.

Catalysed Hydrocarbon Trap

The use of a zeolite-based catalysed hydrocarbon trap (CHTTM) to control initially-formed HCs
by retaining them until catalyst light-off is reached
was discussed last year (4), and continued this year.
The effectiveness of such a system depends on the
zeolite used to retain the HCs, and on factors such
as the types of HCs involved (older engines, for
instance, produce more unburned long-chain HCs
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than newer cleaner engines), and on the initial rate
of exhaust gas temperature increase.
Nissan (2003-01-0816) described improvements made in emissions from the first car
certified for PZEV credits. Engine-out emissions
had been reduced, and a more compact catalyst
system was achieved by using ultra-thin-wall
ceramic substrate (1.8 mil) of reduced thermal
mass. Two CHTTM stages had also been incorporated, the first placed in the close-coupled
converter, behind the TWC, and the second in an
underfloor position. The second CHTTM had a new
cerium-based oxygen storage component incorporated into its TWC layer that improved aged HC
conversion. As a result catalyst volume was
reduced from 3.9 to 1.8 litres, and the amount of
pgm was lowered while still maintaining the PZEV
requirements.
Hitachi (2003-01-0815) described eleven different transition metal- and alkaline earth metalexchanged zeolites for enhanced HC retention.
Silver-exchanged zeolite containing a few per cent
silver (Ag) was found to retain n-pentane to about
100ºC higher temperatures than pure zeolite. In
practice the low oxygen level in a cars exhaust gas
when operating around stoichiometry means the
released HC cannot be combusted, so an oxygen
storage component (CeO2) was incorporated into
the catalyst to aid combustion. Tests were made on
a V6 engine that originally had a close-coupled
TWC on each bank and also an underfloor TWC.
The latter was replaced by the Ag-containing
CHTTM. Tail-pipe HC emissions were significantly
improved, but the sensitivity of Ag catalysts to
thermal sintering and poisoning by, for example
sulfur compounds, may seriously restrict actual
use. Nevertheless, in the light of recent reports on
the effectiveness of Ag-containing lean-NOx
diesel catalysts (5), it is interesting to see Ag
markedly influencing the performance of CHTs.
During driving, the on-board diagnostic (OBD)
system measures oxygen storage capacity (OSC) of
a catalyst with two oxygen sensors, one upstream
of it and one downstream. The catalyst selected for
testing is usually the one nearest the engine as legislative emissions requirements will not be met if
this catalyst does not function correctly.
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However, taking OSC measurements of very
low emissions systems can be difficult. Volvo and
Emitec (2003-01-0818) reported an approach that
might help. They placed the first control oxygen
sensor in the front catalyst, rather than in the open
exhaust gas. This protects the sensor from the
effects of liquid water during cold starts, so the
early heating and functioning of the sensor are no
longer concerns.

NOx-Trapping Catalysts for
Lean-Burn Gasoline Engines

A lean-burn gasoline engine is not as fuel efficient as a diesel engine, but they are being
developed because of their perceived advantages
over diesel engines. The emissions control systems
being developed typically involve a TWC mounted
close to the exhaust manifold to control emissions
during stoichiometric start-up and high speed driving, and an underfloor NOx-trap to store NOx
during lean operation when a TWC is ineffective
for NOx removal. The chemistry involved is
shown in Reactions (x)(xv).
NO + 0.5O2 ® NO2
NO2 + MCO3 ® MNO3 + CO2
MNO3 + H2 ® MO + NO + H2O
2NO + 2H2 ® N2 + 2H2O
MO + CO2 ® MCO3
MCO3 + SO3 ® MSO4 + CO2

(x)
(xi)
(xii)
(xiii)
(xiv)
(xv)

NOx is retained in the NOx-trap as a nitrate usually derived from an alkaline earth compound
(such as barium or strontium) or an alkali metal
compound (such as potassium), Reactions (x) and
(xi). Periodically the trap is exposed to short rich
excursions to reduce stored NOx to nitrogen and
regenerate the trap, Reactions (xii) to (xiv). The
basic materials are gradually converted to stable
sulfates during prolonged use via reaction with sulfur trioxide (SO3) derived from sulfur compounds
in the fuel, Reaction (xv). Thus the NOx-trap
capacity decreases over time, and rich regenerating
pulses must be made more frequently. This has a
detrimental effect on fuel economy. To recover
maximum NOx capacity the trap must be occasionally desulfated, essentially the reverse of
Reaction (xv), by treatment at higher reducing
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temperatures than used to reduce stored NOx.
The oxidation Reaction (x) is catalysed by Pt
which is also important for Reaction (xi) and for
the nitrate decomposition, Reaction (xii).
Rhodium is normally the catalyst for the NOx
reduction Reaction (xiii), and Pd may be incorporated to help oxidise HCs that inhibit Reaction (x).
Ford (2003-01-1162) described a rapid enginebased sulfation procedure in which sulfur dioxide
(SO2) is injected upstream of the NOx-trap. When
compared with NOx-traps sulfated over an
extended period of normal use, the amount of sulfur absorbed was found to depend on total sulfur
exposure, and both sulfated catalysts had similar
desulfation characteristics. Temperature is the
most important factor once desulfation is thermodynamically allowed, and although the ratio of
SO2/H2S formed changes with richness, the desulfation rate follows a simple Arrhenius relationship.
Ford (2003-01-1159) also examined NOx
release from NOx-traps during regeneration. The
main cause for the appearance of NOx is insufficient reductant, particularly under hot conditions.
The regeneration process itself increases temperature which destabilises the nitrate; the consumption of reductant by other oxidised species exacerbates this and increases temperature. In a joint
contribution Ford and Mazda (2003-01-1160)
examined these factors in more detail. They found
that increasing the amount of ceria-containing
mixed oxide in a NOx-trap increased the time for
regeneration, as did the amount of NOx released
during this process. Although the presence of ceria
introduces additional OSC, it also facilitate hydrogen formation via the water gas shift reaction  so
there should be an optimum level of cerium.
DaimlerChrysler and OMG (2003-01-1161)
described the emissions control system for a new
lean-burn supercharged direct injection engine
that has a close-coupled TWC and a dual flow system with a cooling section and a bypass to the
underfloor NOx-trap. Active switching of gas
between the main cooled section and the bypass
enables the NOx-trap to operate in an optimal
temperature range over a wide range of vehicle
running conditions. Moreover, restricting its exposure to high temperatures ensures long life for the
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NOx-trap. A NOx sensor behind the NOx-trap is
used to initiate and stop the regeneration process.
Emissions well below Stage IV levels were reported.

Diesel Emissions Control

Progress made in reducing diesel emissions last
year was reviewed by Corning (2003-01-0039) in
what has become a traditional presentation by Tim
Johnson. He indicated that tightening regulations
over the next few years will force the introduction
of combined technologies for NOx and PM.
Diesel engines operate very lean, and when
required, Pt-based oxidation catalysts achieve control of CO and HC emissions according to
Reactions (xvi) and (xvii).
CO + 0.5O2 ® CO2
HC + O2 ® CO2 + H2O

(xvi)
(xvii)

Modern Pt catalysts for diesel cars have been formulated to cope with both the low-temperature
operation resulting from the good fuel economy of
diesel engines and, to some extent, with the effects
of sulfur oxides derived from sulfur compounds in
the diesel fuel. The major future challenges are to
reduce NOx emissions and PM (soot).

Catalytic Particulate Control Systems

Diesel engine PM is aggregated carbon particles
with a variety of adsorbed HCs and partially oxidised organic compounds, together with water,
and sulfuric and nitric acids. Controlling PM is
important due to their adverse health effects.
Tremendous improvements have been made in
recent years to reduce the amount of PM produced, but concern remains, particularly over
nanoparticles. Several kinds of filter can trap PM,
but then the problem lies in removing the trapped
PM  by oxidation to harmless CO2 and water  to
prevent excess pressure drop building-up across
the filter. Diesel PM burns in air above about
550ºC (Reaction (xviii)), a significantly higher temperature than that of normal diesel exhaust gas.
PM + O2 ® CO2 + H2O
NO + 0.5O2 ® NO2

(xviii)
(xix)

Several approaches have been used to remove
the collected PM, such as using fuel additives to
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lower the combustion temperature, and including
devices to increase the gas temperature. Heating
devices have not been totally successful because
the temperature rise from the exothermic PM
combustion, if not controlled, can push the temperature in the filter to above its melting point.
One successful approach has been to combust
the trapped PM with nitrogen dioxide (NO2). The
combustion occurs at temperatures as low as
250ºC, a temperature available during diesel truck
or bus operation. The NO2 is obtained by oxidising NO present in the exhaust gas over a Pt
oxidation catalyst, Reaction (xix). The reaction is
inhibited by SO2, so low sulfur fuel is needed for
efficient operation. Under appropriate conditions
such a device  an oxidation catalyst upstream of a
particulate filter  can function continuously. This
is called a continuously regenerating trap (CRT â ).
For some heavy-duty applications NOx emissions can be reduced by applying exhaust gas
recirculation (EGR) to the engine, while also controlling PM emissions and any additional PM
produced by EGR with a CRT â system. Johnson
Matthey and STT Emtec (2003-01-0048) reviewed
the performance of over one thousand EGR-CRT â
systems installed on urban buses and other heavyduty vehicles in Europe during the last four years.
Typically the EGR-CRT â system is as efficient as
a CRT â for HC, CO and PM reduction, and additionally lowers NOx by 4658%.
Future legislation requires lower NOx emissions, but a lower NOx/PM ratio will be less
favourable for the CRT effect-with-NO2 to operate. One potential solution is to recycle NOx so it
is used several times to oxidise PM. Delft
University (2003-01-0379) described a Pt-catalysed
ceramic foam filter in which the trapped PM is partially removed by reaction with NO2. If this filter is
placed upstream of a monolithic wall-flow filter,
sufficient NO2 is available here to remove the
trapped PM. Delft only gave laboratory results.
One constraint may be pressure-drop limitations.
Another potential solution is to use a catalysed
particulate filter with an upstream oxidation catalyst, referred to as a CCRTTM (described by
Johnson Matthey (2002-01-0428) last year (4)). In
field trials on problematical applications the
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CCRTTM could be regenerated better than a
CRT â, which in turn was much better than a catalysed filter. Indeed, a CCRTTM can operate well in
situations where a CRT â performance is marginal.
This year Michigan Technological University
(2003-01-0049) tested a low loaded (5 g ft3 ) Ptcatalysed filter on a 1995 turbocharged 10.8 litre
engine, and found good conversions for HCs,
aldehydes and CO, as well as some lean-NOx
under favourable conditions. The oxidation reactions were less efficient than for a conventional
oxidation catalyst; PM sulfate-derived emissions
were significantly increased because high sulfurcontent fuel was used.
Corning and Donaldson (2003-01-0843) studied pressure-drop variations of Pt-catalysed filters
loaded with PM, and highlighted the complexities.
The way the filter is catalysed has a major impact
on its PM loading characteristics.
While the conditions referred to above are typical of heavy-duty, large, diesel engines, they are
less typical of small-engined cars where additional
ways to combust PM have to be considered. For
instance, Ford (2003-01-0047) reported preliminary results for a 2.5 litre turbocharged engine
with a system having two active lean-NOx catalysts (with fuel injection) followed by a
Pt-catalysed filter (50 g ft3 ). Ford used normal
diesel and ultra low sulfur fuel. The filter was
effective at removing PM; the less-than-one-percent PM that was not trapped had a size
distribution similar to that of the raw gas. Filter
regeneration was achieved by increasing the
exhaust fuel injection rate and duration to give filter temperatures high enough for PM combustion.
This worked well, with smooth regeneration
taking place between 500600ºC. During regeneration when using high sulfur fuel, high PM
emissions occurred because the stored sulfate was
released, again highlighting the need for ultra low
sulfur diesel fuel. Information about the active
lean-NOx performance was not provided.

Catalytic NOx Control Systems

Moderate NOx conversions are possible 
using active lean-NOx catalysts  when HC reacts
with NOx in the narrow temperature range, ~
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200250ºC for Pt, defined by the catalyst activity
and the temperature at which complete HC oxidation takes place. Formulations with copper work at
higher temperatures (~ 350400ºC); and there is
current interest in Ag formulations (see above).
Iridium (Ir) has been used on a production leanburn gasoline engine, and Industrial Power
Alliance (2003-01-0044) examined its use on diesel
engines.
In their paper, Industrial Power Alliance
reported that an Ir-based active lean-NOx catalyst
reduced NOx emissions on a Tier 1 (6 g kWh1 )
stationary heavy-duty diesel engine to Tier 3 levels
(4 g kWh1 ), but the fuel economy penalty of 15%
was excessive. They improved fuel economy by
changing the fuel injection point and by operating
the catalyst in the optimum temperature range (by
masking its central portion). On applying EGR the
raw NOx was reduced and the lower oxygen content improved catalyst performance. However, at
low NOx levels Ir catalysts appear inefficient, and
so this approach is unsuitable for more demanding
standards where NOx-trapping and SCR systems
are better suited.
Johnson Matthey (2003-01-0045) described the
optimisation of NOx-trapping catalysts for heavyduty diesel applications by choosing suitable
nitrate-forming phases to give improved high temperature performance. The low-temperature
NOx-trapping characteristics have also been
improved and so provide a wider operating temperature window. The improvements include an
upstream Pt oxidation catalyst that removes HCs
and oxidises NO to NO2.
The U.S. Environmental Protection Agency
(EPA) has a programme to define the capabilities
of NOx-traps for heavy-duty applications. Their
previous work has demonstrated that high NOx
conversions (> 90%) are possible with large catalyst volumes in a dual system with flow control
valves to reduce the fuel needed to achieve rich
regenerating conditions (6). The EPA (2003-010042) now reported an investigation of thermal
ageing in high temperature (510ºC) exhaust gas
that is typical of high-load high-speed operation.
The actual catalyst temperature was higher during
reductive regeneration and, even when sulfur was
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not present, the NOx conversion could significantly degrade over prolonged time. This effect
depends on the catalyst formulation; the most
recent formulation examined suffered only slight
deterioration. The work did not examine the
impact of periodic high-temperature excursions
for catalyst desulfation, and this will be the basis of
future work.
AVL (2003-01-0043) equipped two diesel cars
with common rail fuelling and new control systems
capable of providing rich exhaust-gas pulses via
post injections to regenerate a NOx-trap placed in
front of a catalysed PM filter. The simultaneous
reduction of about 90% PM and conversion of
more than 50% NOx was recorded, indicating the
potential of this approach. However, a number of
practical problems will require solving; for example
oil dilution resulting from frequent post injections
could result in serious engine deterioration.
Selective catalytic reduction (SCR) of NOx by
ammonia (NH3) over a suitable catalyst can be an
efficient means to reduce NOx, for example see
Reaction (xx):
4NH3 + 4NO + O2 ® 4N2 + 6H2O
2NH3 + NO + NO2 ® 2N2 + 3H2O

(xx)
(xxi)

In a joint presentation Johnson Matthey, Volvo
Powertrain, Eminox and Robert Bosch (2003-010778) described the design and performance of a
system incorporating a SCR unit for NOx control
combined with a CRT â for PM control in an
extremely small package. The SCR catalyst is annular and placed around the CRT â. The four-way
emissions control system is designated a SCRTTM.
The exhaust gas from the engine passes through
the Pt oxidation catalyst of the CRT â and PM filter; urea solution is then injected into the gas flow
before it passes through the annular SCR catalyst.
Residual NO2 not consumed in the PM combustion promotes low-temperature SCR activity,
according to Reaction (xxi), and helps to provide
the excellent overall performance of the compact
SCRTTM.
On a state-of-the-art 12 litre diesel engine with
an NH3/NOx ratio of 0.95 (maximum possible
NOx conversion is 95%), conversions of up to
92% in the European Stationary Cycle test procedure
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were reported. As expected, the retention of PM
and the conversions of HC and CO were also very
high. A number of compact SCRTTM systems are in
service on vehicles, and their in-field performance
will be reported later.

Conclusions

Major advances are being made with pgm-based
catalytic exhaust emissions control systems, and
these are enabling stringent standards to be
achieved. The overall efficiency of TWCs on gasoline cars is now extremely high, and the amounts of
pgm used to achieve ultra low standards are being
lowered as more advanced technologies are introduced. In comparison, control of exhaust
emissions from diesel engines is at a relatively early
stage of development, progress is rapid and more
exciting new results may be expected at the next
Detroit SAE World Congress (7).
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