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Development of Low Temperature Three-Way
Catalysts for Future Fuel Efficient Vehicles
Novel alumina/ceria/zirconia mixed oxide with improved thermal stability and oxygen
storage capacity enhances low temperature performance of three-way catalysts

By Hai-Ying Chen* and Hsiao-Lan (Russell) Chang
Johnson Matthey Inc, Emission Control Technologies,
456 Devon Park Drive, Wayne, Pennsylvania, 19087,
USA
*Email: chenh@jmusa.com

Introduction
Three-way catalysts (TWCs) have been widely
applied on stoichiometric-burn gasoline engine
powered vehicles to reduce the tailpipe emissions
of hydrocarbons (HC), carbon monoxide (CO)
and nitrogen oxides (NOx). A conventional TWC
can convert the three pollutants at nearly 100%
conversion efficiency once it reaches its operation
temperature, typically above 400ºC. As the exhaust
temperature can rapidly exceed 400ºC on current
gasoline engines, all gasoline vehicles produced
today are capable of meeting the stringent
government emission standards in the USA.
Starting in 2017, US federal regulations will mandate a
significant improvement in fuel economy and reduction
of greenhouse gases (GHG) for light duty vehicles (1, 2)
at the same time as continued reductions of tailpipe
pollutant emissions. Advanced engines and powertrain
systems with improved fuel efficiency can reduce CO2
emissions substantially, but the exhaust temperature
of these systems is expected to be much lower and
can be below the normal operation temperature of a
conventional TWC. This poses significant challenges to
the emission control system, demanding the catalysts
to function at low temperatures.
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Many factors can influence the low-temperature
performance of a TWC. Among them, the nature of the
support materials for the platinum group metals (pgms)
plays a critical role (3–5). Ceria/zirconia (CeO2/ZrO2)
mixed oxides have become an essential component
in a TWC because of their unique oxygen storage
and release properties. CeO2/ZrO2 mixed oxides not
only enhance the intrinsic catalytic activity of the pgm
components, but also provide oxygen storage capacity
(OSC) to the system, minimising the air:fuel ratio
deviation from the stoichiometric point; both significantly
improve the TWC performance of the system. Most
commercially available CeO2/ZrO2 mixed oxides lose
their surface area considerably after high-temperature
exposure. As a result, even though a fresh TWC can
exhibit excellent catalytic activity below 400ºC, much
of the low-temperature performance is lost when the
catalyst is aged.
In this study, we developed a novel alumina/ceria/
zirconia Al2O3/CeO2/ZrO2 mixed oxide that shows
much improved thermal stability compared to a
conventional CeO2/ZrO2 mixed oxide with a similar
composition, exhibits higher OSC especially at low
temperatures and reduces the light-off temperature
by nearly 50ºC.

Experimental
Catalyst preparation
A novel Al2O3/CeO2/ZrO2 mixed oxide was
developed in-house. The material was prepared by a
co-precipitation method. For comparison purposes, a
conventional CeO2/ZrO2 mixed oxide was prepared
following the same co-precipitation method, then
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blended with γ-Al2O3 powder. Pd-loaded catalyst
powders were made by impregnating Pd onto the
Al2O3/CeO2/ZrO2
mixed
oxide
and
the
(Al2O3 + CeO2/ZrO2) mixture, respectively. The Pd
loading was 1 wt% in both samples. Fully formulated
TWCs were prepared using the Al2O3/CeO2/ZrO2
mixed oxide and the (Al2O3 + CeO2/ZrO2) mixture,
respectively, as the Pd support. Full experimental
details and characterisation data are published
elsewhere (6).

Results
Light-off Activity of Palladium Catalysts
Supported on Al2O3/CeO2/ZrO2 Mixed Oxide
The Al2O3/CeO2/ZrO2 mixed oxide and the
(Al2O3 + CeO2/ZrO2) mixture were evaluated as support
materials for Pd. The Pd-impregnated catalysts were
redox aged at 1050ºC for 36 hours prior to the tests.
Light-off activity of the aged catalysts was measured
in a gas mixture containing a stoichiometric amount of
HC/CO/NO/O2 without perturbation and the results are
plotted in Figure 1.
The Al2O3/CeO2/ZrO2 mixed oxide supported Pd
catalyst shows rapid light-off for HC/CO and reaches
100% conversion at temperatures above 320ºC.
As a comparison, the (Al2O3 + CeO2/ZrO2) mixture
supported Pd catalyst shows more gradual HC/CO
light-off, and does not reach 100% conversion until
the temperature goes above 390ºC. As Pd catalysts
are in general relatively inactive for NOx reduction, it

is not surprising that neither of the two catalysts show
appreciable NOx conversion in these tests. In a fully
formulated TWC, a separate Rh component will be
incorporated into the formulation to enhance the NOx
performance. Nevertheless, the Al2O3/CeO2/ZrO2
mixed oxide supported Pd catalyst is clearly more
active than the (Al2O3 + CeO2/ZrO2) mixture supported
Pd catalyst and is therefore considered more suitable
for applications with low exhaust temperatures.
To understand why the Al2O3/CeO2/ZrO2 mixed
oxide supported catalyst has better light-off activity,
the 1050ºC/36 h redox aged powder catalysts were
analysed by transmission electron microscopy (TEM).
The dark field images together with the elemental
images of Ce and Pd are shown in Figure 2.
Comparing the two dark field images in combination
with the Ce elemental images, it is apparent that the
CeO2/ZrO2 mixed oxide particles on the Al2O3/CeO2/
ZrO2 sample are about one order of magnitude smaller
than the CeO2/ZrO2 mixed oxides in the (Al2O3 + CeO2/
ZrO2) sample. The elemental images of Pd further
indicate that high Pd dispersion is maintained on the
1050ºC/36 h redox aged Al2O3/CeO2/ZrO2 sample,
whereas noticeable Pd sintering has occurred on the
(Al2O3 + CeO2/ZrO2) sample as evidenced by the two
large Pd particles in the image.
The results above suggest that depositing CeO2/ZrO2
mixed oxides directly on alumina supports can minimise
the sintering of the CeO2/ZrO2 mixed oxides, hence
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Fig. 1. Light-off activity of the Al2O3 /CeO2/ZrO2 mixed oxide
and the (Al2O3 + CeO2/ZrO2) mixture supported Pd catalysts
after 1050ºC/36 h redox ageing
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Fig. 2. TEM images of the Al2O3/CeO2/ZrO2 mixed oxide
and the (Al2O3 + CeO2/ZrO2) mixture supported Pd catalysts
after 1050ºC/36 h redox ageing: (a) Al2O3/CeO2/ZrO2
supported Pd catalyst; (b) (Al2O3 + CeO2/ZrO2) supported
Pd catalyst
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improving their thermal stability and OSC properties.
The material can also maintain Pd in high dispersion
even after severe ageing. All these features contribute
to the superior light-off activity of the Al2O3/CeO2/ZrO2
supported Pd catalyst.

Engine Dynamometer Evaluation of TWC
Supported on the Al2O3/CeO2/ZrO2 Mixed Oxide
A TWC was formulated using the Al2O3/CeO2/ZrO2
mixed oxide as the Pd support in combination with a Rh
component. As a reference, a conventional TWC using
the (Al2O3 + CeO2/ZrO2) mixture as the Pd support
and the same Rh component was also prepared. Both
catalysts were coated on ceramic monolith substrates
with a cell density of 62 cells cm–2 and a wall thickness
of 64 m (or 400 cpsi and 2.5 mil). The dimension
of the substrates is 10.6 cm in diameter and 7.8 cm
in length. The pgm loadings of the catalysts were
kept at relatively low levels (1.34 g l–1 Pd and 0.07 g
l–1 Rh) to better differentiate their performance. The
catalysts were aged on a 4.6 l gasoline engine under
4-mode conditions for 100 hours with the catalyst bed
temperatures averaging 925ºC. The aged catalysts
were evaluated on a separate 4.6 l gasoline engine
that was capable of changing the air-to-fuel ratio from
13.5 to 15.5 with a perturbation frequency of 1 Hz and
amplitude of 0.5. The CO/NOx crossover conversion
and the corresponding HC conversion measured at
a space volume of 112,000 h–1 at 400ºC and 350ºC
are summarised in Table I. At 400ºC, both catalysts
achieve high NOx/CO/HC conversions. At 350ºC, the
Al2O3/CeO2/ZrO2 mixed oxide supported catalyst still
maintains high NOx/CO/HC conversion efficiency.
The (Al2O3 + CeO2/ZrO2) mixture supported catalyst,
however, is nearly inactive.
Table I. Engine Sweep CO/NOx Crossover
Conversion (%) and the Corresponding HC
Conversion (%) at 400°C and 350°C
400°C

Vehicle Evaluation of TWC Systems Based on
the Al2O3/CeO2/ZrO2 Mixed Oxide
A 2010 model year vehicle equipped with an advanced
3.5 l GTDI engine and a turbo charger was selected
to evaluate the performance of a TWC system based
on the Al2O3/CeO2/ZrO2 mixed oxide. Compared
to other vehicles in the same class with traditional
naturally aspirated engines, this vehicle represents
approximately 20% better fuel efficiency and 15%
reduction of GHG emissions. As a result, the exhaust
temperature of the vehicle is also substantially lower.
Catalyst systems with either the Al2O3/CeO2/ZrO2
mixed oxide or the (Al2O3 + CeO2/ZrO2) mixture as the
Pd support were evaluated. Prior to vehicle evaluation,
the TWC systems were aged under 4-mode conditions
to simulate the end of their useful life performance.
The non-methane hydrocarbon (NMHC) and NOx
emissions of the aged systems under federal test
procedure (FTP) testing cycles are summarised in
Table II. While the two systems show comparable NOx
performance, the Al2O3/CeO2/ZrO2 mixed oxide based
system clearly demonstrates better HC conversion and
7 mg mile–1 lower NMHC emissions from the tailpipe.
Table II. NMHC/NOx Emissions under FTP
Testing Cycles on a Vehicle with a 3.5 l GTDI
Engine
TWC systems

NMHC (g mile–1)

NOx (g mile–1)

Al2O3/CeO2/ZrO2
mixed oxide

0.021

0.034

(Al2O3 + CeO2/
ZrO2) mixture

0.028

0.036

350°C

Pd:Rh TWC

CO/NOx,
%

THC,
%

CO/
NOx, %

THC,
%

Al2O3/CeO2/
ZrO2

81

84

51

55

(Al2O3 + CeO2/
ZrO2)

70

82

9

10

The engine dynamometer evaluation results on fully
formulated TWCs are in line with the laboratory reactor

66

results on the supported Pd powder catalysts. Both
demonstrate that the Al2O3/CeO2/ZrO2 mixed oxide
developed in this study can offer significant advantages
for applications with low exhaust temperatures.

The cumulative tailpipe total HC (THC) emissions
of the two systems during the cold start period are
shown in Figure 3. The majority of the THC is emitted
in the initial 250 seconds while the temperature of the
catalyst system is warming up. During this period, the
Al2O3/CeO2/ZrO2 mixed oxide based TWC system has
approximately 25% lower tailpipe HC emissions than
the (Al2O3 + CeO2/ZrO2) mixture based system.
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This article is an abridged form of a full paper presented
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and is published with the permission of the SAE (6).
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FINAL ANALYSIS
The Impact of CO2 Legislation on PGM
Demand in Autocatalysts
It is estimated that emissions from road transport contribute 17% of total anthropogenic carbon
dioxide (CO2) emissions (1). Regulations coming
into force in Europe and in the U.S.A. are seeking
to change this. In December 2008, the European
Parliament approved a directive to reduce the average CO2 emissions of new passenger cars to
130 g km–1 by 2015, with a three-year phase-in
period. Emissions will be reduced by a further
10 g km–1 through external measures including the
increased use of biofuels, lower rolling resistance
tyres and efficiency improvements to auxiliary
devices such as air conditioning units. Overall, the
120 g km–1 target represents an improvement in
fuel economy of about 25% from current levels
(2). In the U.S.A., where vehicles have traditionally been much larger and less fuel efficient than in
European markets, President Obama has unveiled
an ambitious plan to improve the fuel economy of
passenger cars and light trucks in the country to an
average of 35.5 U.S. miles per gallon (mpg) by
2016, from the current 25 U.S. mpg average (3).
While there are longer-term clean transport
options in development, such as electric and fuel
cell vehicles, three different engine technologies
are seen to be crucial in improving fuel consumption, and thus lowering CO2 output to meet these
2015 and 2016 targets. These technologies are
diesel engines, downsized turbocharged gasoline
engines combined with direct injection, and hybrid
gasoline- or diesel-electric vehicles. Each of these
three technologies will have a different impact on
platinum group metals (pgms) use.
Diesel vehicles already account for over half of
new vehicles sold in Europe, and this high share is
expected to be maintained over the next decade.
However, with improvements in gasoline direct
injection (GDi) engines and greater numbers of
vehicle manufacturers offering this technology, it
is likely that we will see more of these vehicles on
European roads in future. Some estimates put
penetration of GDi engines as high as 28% of the

Platinum Metals Rev., 2009, 53, (3), 179–180

gasoline vehicle market in Europe by 2010 (4). In
the U.S.A., increasing uptake of GDi vehicles is
also expected. However, diesel sales are currently
low, at around 5% of overall light vehicle sales.
While there is potential for some growth in this
market share, the main focus for automakers in the
region is on gasoline-electric hybrid powertrain
development.

Diesel Engines
Diesel engines are 20% to 30% more fuel efficient than similar sized conventional gasoline
engines, and therefore produce less CO2. On average, diesel vehicles use more pgm than their
gasoline counterparts since they typically operate
at lower temperatures, boosting the need for pgm
use in the catalytic aftertreatment. Hydrocarbon
(HC) and carbon monoxide (CO) emissions are
managed through the use of a diesel oxidation catalyst (DOC), and many new diesel vehicles are
fitted with a diesel particulate filter (DPF) to control PM emissions. Some vehicles use a catalysed
soot filter (CSF) to control the CO, HC and PM
emissions. Traditionally, platinum has been used
as the main catalytic component in diesel
aftertreatment due to its excellent oxidation activity at low temperature and resistance to ‘poisons’
in the exhaust stream, particularly sulfur.
However, the greater availability of cleaner (lower
sulfur) diesel fuel in Europe has resulted in the
introduction of some palladium into diesel emission control systems (5).
Stricter legislation entering into force in
Europe in 2014 will focus on reducing NOx emissions from diesel vehicles, thus requiring the use
of additional catalytic aftertreatment, although
some cars sold now already incorporate NOx
aftertreatment. Two forms of aftertreatment can
be used to reduce NOx emissions: a NOx trap
(containing pgm), or selective catalytic reduction
(SCR) using urea as the reductant where the SCR
catalyst itself does not use pgm, although the
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aftertreatment system as a whole may still contain
pgm. Both technologies are expected to be used to
meet Euro 6 legislation, with vehicle size being a
key consideration in the choice between the use of
a NOx trap and an SCR catalyst.
Given the considerably higher amount of pgm
used in diesel aftertreatment as compared with
gasoline, any increase in the share of diesel engines
will lead to greater demand for pgms.

Downsized Gasoline Engines
Downsized gasoline engines (such as turboand super-charged engines), particularly when
combined with GDi, provide similar, or improved
performance at reduced engine size and hence the
potential for greater fuel economy. In recently
developed GDi vehicles, the catalyst size tends to
be smaller, but the pgm loading may be higher.
While the net effect on pgm content is not yet
clear, at present the catalyst loadings for GDi
engines are broadly similar to naturally aspirated
(conventional) gasoline engines.

Hybrid Powertrain
Hybrid vehicles offer fuel economy benefits
over similar sized gasoline or diesel engines by
combining the internal combustion engine with an
electric motor. Because of the relatively small numbers of hybrid vehicles produced today, the
comparison between similar sized hybrid and conventional gasoline or diesel vehicles in terms of
pgm loading is not well defined and is complicated
by two opposing factors. A hybrid vehicle generally has a smaller engine than its conventional
gasoline or diesel counterpart, as the electric motor
and battery assist during acceleration, and could
therefore be expected to require less pgm for the
catalyst. However, in the U.S.A., where the majority of hybrid vehicles are sold today, these vehicles
are typically manufactured to meet more stringent
Californian SULEV emissions standards (6), and
therefore require higher pgm loadings. In the coming years, assuming that vehicles are manufactured
to meet the same regional emissions standards, the
current view is that a switch to hybrid vehicles
from conventional gasoline or diesel vehicles will
have little impact on overall uptake of pgm.

Platinum Metals Rev., 2009, 53, (3)

Vehicle Downsizing
Moving away from the subject of engine technoogies, a shift to smaller, lower-cost and more
fuel efficient vehicles could reduce the average
pgm loading per vehicle. Recently, there is evidence
of a move to smaller vehicles in both the European
and U.S. markets, but it is not yet clear whether this
will be a long-term trend. In Europe, the growth in
the small car segment is seen as a temporary effect
caused by the scrappage incentives which are in
place in key markets (7). These provide a one-off
payment towards the cost of a new car to consumers scrapping an older vehicle. In the U.S.A.,
some consumers downsized from passenger trucks
and sports utility vehicles (SUVs) to smaller vehicles in response to the higher fuel prices in 2008
and, despite falling gasoline prices this year, analysts are anticipating that the share of passenger
trucks will continue to drop slowly over time.

Conclusion
Precise trends in regional uptake of pgms
depend on both the extent to which each of the
above strategies is pursued and consumer preferences, and remain difficult to predict. Overall,
however, it is unlikely that tighter CO2 emissions
limits will strongly affect pgm demand from the
automotive sector in either direction within the
foreseeable future.
LUCY BLOXHAM
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FINAL ANALYSIS

Opportunities for Platinum Group
Metals in Future Emissions Control
Technology
Platinum group metals (pgms) have been a key component in automotive emissions control catalysts and
systems since their conception in the first decade of
the twentieth century. In 1909 an audience in London
was introduced to the idea that a supported platinum
catalyst in the exhaust box or silencer could remove
the products of incomplete combustion from a gasoline engine (1). This presentation by the French chemist Michel Frenkel, entitled ‘Deodorisation of the
Exhaust Gases in Motor Vehicles’, was remarkable as it
was only a couple of years after the Model T Ford (Figure 1) went into production.

The Development of Autocatalysts
A century after this first announcement, with the accumulation of over 30 years’ practical experience since
the first use of catalysts in the 1970s, commercial catalysts are today applied to most motor vehicles across
the globe. There has been a continual striving to
improve the catalyst performance and function, but
also to reduce, or thrift, the amount of pgms applied to
the catalyst. Frenkel suggested 30 g of platinum would
be sufficient for the 25 horsepower motor vehicles of
his time; today, combinations of platinum, palladium
and rhodium are used on much more powerful vehicles. For example, the gasoline three-way catalyst

Fig. 1. Model T Ford ©
conceptcarz.com
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(TWC), which can remove carbon monoxide, hydrocarbons and nitrogen oxides (nitric oxide (NO) and
nitrogen dioxide (NO2), or NOx) simultaneously, contains less than 10 g of pgm and can produce tailpipe
exhaust emissions that are cleaner than the air drawn
into the engine!
But what of the role of pgms in the future of emissions control? What are likely to be the major challenges?
The Future of Emissions Control Technology
An increasing emphasis on greenhouse gas emissions,
combined with a need to meet NOx and particulate
emissions legislation, means that engine and vehicle
manufacturers are forced to improve engine designs
and power trains. This means engines will get smaller
and new designs will be encountered, for example,
hybrids combining an advanced internal combustion
engine with a battery (Figure 2). One of the consequences of improved fuel economy is decreasing
engine out temperatures. This is often coupled with
increased levels of pollutants such as CO, hydrocarbons and particulates. The pgm-containing catalysts of
the future will need to be more active, work at lower
temperatures, respond rapidly to the change in operating mode of the vehicle, and remove pollutants as
soon as the engine is switched on.
For many aftertreatment solutions we are approaching the stage where catalyst performance is not limited
purely by catalyst activity. For example, the low temperature performance of a selective catalytic reduction (SCR) catalyst is limited by the temperature at
which the urea solution can be injected into the
exhaust, and this is governed by urea hydrolysis
and the need to avoid the formation of deposits in
the exhaust system.
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Oxidation catalysts are pgm-based. Their low temperature activity is limited not by activity for CO oxidation but by inhibition by hydrocarbons, NOx and
water. Therefore, the use of zeolites to trap hydrocarbons until the catalyst temperature is high enough to
burn them will increase. NOx adsorbers, based on
pgm, will also be required to hold NOx until the downstream SCR or NOx trap catalysts are warm enough to
remove it.
Low exhaust temperatures also pose a problem to
components that need periodic regenerations. These
include the desulfation of diesel oxidation catalyst
(DOC), NOx trap and SCR catalysts and the cleaning
of soot from particulate filters. Exhaust systems may
require active engineering solutions to modify the
exhaust configuration and bypass thermally sensitive
catalysts during high temperature regeneration events.
A method that has been practically demonstrated
for improving engine efficiency in diesel and gasoline
engines is to introduce some hydrogen into the engine
alongside the fuel. This helps combustion, and can
also reduce emissions of NOx and particulate matter
(PM) (2). The hydrogen would be produced by converting some of the fuel into CO, carbon dioxide and
hydrogen in a process known as reforming. Typical
reformer catalysts will contain pgms, such as rhodium,
and to drive the reaction the whole system will need to
be integrated with the engine so that waste heat from
the engine can be used.
Emissions Legislation and Fuel Choice
Worldwide legislation will continue to tighten and
encompass new vehicle types and pollutants. For
example, in Europe CO2 emissions regulations will be
phased in over the next few years, and nitrous oxide
(N2O), which is 300 times more effective than CO2 as a
greenhouse gas, will be regulated from 2014 in the

Fig. 2. Honda CR-Z Hybrid vehicle
© Honda Motor Company

59

© 2012 Johnson Matthey

•Platinum Metals Rev., 2012, 56, (1)•

http://dx.doi.org/10.1595/147106711X615244

USA. Therefore, catalyst chemists and engineers must
continue to improve catalysts and systems to produce
N2O in amounts as close to zero as possible. Particulate number will also be controlled in Europe from
2014, and improved systems to control PM will be
required in the future as the legislation tightens further.
Legislation will also extend to other vehicle types,
including ships, trains and stationary engines, and the
pgm systems will need to meet the specific challenges
of these applications. For example, currently ships use
fuel with high sulfur levels, but in-harbour legislation
may require them to carry low sulfur fuels for use in
port. Also, stationary engines can be very large, and
therefore so will be the catalyst which, if pgms are
needed, necessitates very efficient use of the pgm to
bring the cost as low as possible.
Another future challenge for emissions control catalysts could be the range of fuels available. It is already
possible to buy many of the ‘new’ fuels, and it will be
necessary for the catalysts to work no matter what fuel
is used in the engine; some new vehicles and ships
already use dual fuel engines. Fuels that may be
encountered include synthetic fuels, such as those
derived from coal or biomass; hydrogen; biofuels such
as fatty acid methylesters or ethanol; methanol; compressed natural gas; and blends of these.
Conclusion
Lower temperatures and the continuing presence of
poisons will continue to restrict the use of base metal
catalysts and necessitate the use of pgm catalysts. But
even in the event that base metal catalysts find a
greater role in emissions control technologies, for
example in SCR catalysts, these are significantly promoted by upstream pgm catalysts for NO2 generation.
Thrifting of the pgms will continue to be important
while the catalysts still need to operate efficiently and
overcome all the challenges outlined. To address all
these issues an integrated approach is required, involving fuel suppliers, engine and vehicle manufactures,
and catalyst chemists and technologists. Without a
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doubt, with all these new challenges, many opportunities for pgm-containing emissions control catalysts
and adsorbers remain as we look to the future.
This article is based on and updated from an item
written for the Royal Society of Chemistry’s journal Education in Chemistry (3).
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A Study of Platinum Group Metals in
Three-Way Autocatalysts
Effect of rhodium loading outweighs that of platinum or palladium
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The price differential between platinum and palladium
has driven the industry to adopt emissions control
catalyst formulations for gasoline engines that contain
higher levels of Pd than Pt, and in most cases no Pt.
In addition fluctuations in the price of rhodium have
led to thrifting of this metal. This study compares the
performance of ten different catalyst compositions with
varying ratios of Pt, Pd and Rh for a Euro 5 vehicle and
under bench test conditions. The results show that a
system with low Rh loading can readily be improved by
increasing the Rh loading and there is a relatively large
effect of doing this by a small amount. Increasing the
Pd or Pt loading also improves emissions performance
but by a significantly smaller amount than the effect of
changing the Rh loading. Conversely it may be possible
to decrease the Pt or Pd loading with only a small
effect on emissions. Furthermore it was found that Pd
outperforms Pt under most conditions, although not
significantly.The difference appears greater under more
stressful conditions such as high-speed driving or wide
perturbation amplitude.

Introduction
Since their introduction in 1974 three-way catalysts
(TWCs) have used platinum group metals (pgms)
to control emissions of hydrocarbons (HCs), carbon
monoxide (CO) and oxides of nitrogen (NOx) in
gasoline powered cars (1). A mixture of some or all of
Pt, Pd and Rh have always been used, with Rh being
especially active for NOx conversion and both Pd and
Pt having excellent activity for oxidation reactions of
CO and HC species (2). However in the intervening
decades a wide range of factors have at various
times influenced the usage of these pgms in terms
of both type and quantity. These include: fuel quality,
especially sulfur content; emissions legislation; vehicle
technology including engine calibrations and fuelling
systems; exhaust layout, packaging and design; relative
prices of the pgms; and catalyst washcoat technology.
In recent years Pd/Rh catalysts have been the most
common, aided by lower sulfur fuel and improved
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washcoat technology and also attractive due to the
>10 year trend of Pd being lower in price than Pt (3). A
further recent phenomenon has been the significant
efforts focused on thrifting of Rh from TWCs in
response to a sharp price spike in 2007 and 2008.
Today the majority of TWCs are Pd/Rh with Pt
much less common. It seems reasonable to expect
however that there will in future be a similar variety of
competing factors which may affect pgm choice just
as there has been in the past. For this reason a periodic
appraisal of the current status of modern catalysts
using the three pgms at a range of typical loadings is
of interest. In particular the near 90% fall in the price of
Rh since mid-2008 and three-fold increase in the price
of Pd since 2009 are reasons why a study may be of
interest now.
Catalyst Test Programme
In order to compare the relative activities of TWCs at a
range of Pd, Pt and Rh loadings, the following catalysts
were prepared. The loadings were chosen without
regard to pgm cost, allowing a relevant technical
comparison on the basis of pgm mass alone. Details
of the compositions are given in Table I. Throughout

this paper pgm loadings are reported in grams per
cubic foot (g ft–3) in the format: T/Pt:Pd:Rh where T
is the total pgm loading. All three are included for
clarity even though in all cases either the Pt or Pd
loading is zero.
All catalysts were made on the same substrate, a
4.16 × 4.5 600/4 ceramic. The catalysts were aged
in groups of four at Johnson Matthey in Royston, UK,
using a lean spike ageing cycle of 80 hours duration
with 950ºC inlet temperature, which is correlated to
160,000 km road ageing. The total pgm loadings were
chosen to be towards the lower end of the range of
those currently supplied to the market, with a view to
being able to compare the relative effects of Pd and
Pt at constant Rh, the effect of the absolute loading of
each of Pt and Pd and also the effect of Rh loading at
constant Pd and Pt. A reference catalyst was included
in each set to allow comparison of the ageing runs.
The Pd/Rh catalysts evaluated were a current
Johnson Matthey production Euro 5 technology. The
Pt/Rh washcoat was modified slightly to better suit
Pt but was otherwise unchanged in terms of total
washcoat loading, oxygen storage material and total
rare earth content to better allow comparison of the

Table I
Platinum Group Metal Loadings on Model Three-Way Catalysts Selected for the Present Study
Set

Catalyst description

Total pgm,
–3

1

2

3

a

Medium Pd + Rha

Platinum,
–3

Palladium,
–3

Rhodium,

g ft

g ft

g ft

g ft–3

30

0

25

5

High Pd + Rh

40

0

35

5

Low Pd + Rh

20

0

15

5

High Pt + Rh

40

35

0

5

Medium Pd + Rha

30

0

25

5

High Rh + Pd

32.5

0

25

7.5

Low Rh + Pd

27

0

25

2

Low Pt + Rh

20

15

0

5

Medium Pd + Rha

30

0

25

5

Medium Pt + Rh

30

25

0

5

High Rh + Pt

32.5

25

0

7.5

Low Rh + Pt

27

25

0

2

Reference catalyst
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effect of pgm alone. Furthermore if a hypothetical
switch from a Pd/Rh technology to a Pt/Rh one was
deemed desirable, taking this approach of changing
as little as possible other than the pgm would be the
easiest and most likely path and so affords the most
relevant comparison.
The catalysts were tested over the Motor Vehicle
Emissions Group (MVEG-B) European drive cycle as
set out in UN/ECE Regulation number 83 (4) on a
1.2 l vehicle with a (current) Euro 5 calibration and
were further tested over light-off and lambda sweep
protocols on a 2.0 l Euro 5 bench engine. In the lightoff test a stable flow of exhaust gas at 125 kg h–1 and
 0.998 was generated down a bypass exhaust leg, this
flow was then diverted by means of a valve to a parallel
leg containing a cold catalyst in order to monitor
dynamic light-off. A catalyst inlet temperature of 450ºC
was eventually reached at the end of the test. For the
 sweep test the flow was maintained at the same
temperature and flow rate but the engine’s air:fuel ratio
was adjusted in 15 equal steps from  0.99 to  1.01
and a perturbation of ±4%  at 1 Hz was applied. After
a stabilisation period of 10 seconds at each condition,
gaseous emissions were measured and averaged
over a further 5 seconds before moving to the next

 setpoint. These flow conditions are designed to be
stressful for the catalyst, representing a similar flow rate
to the highest speed part of the European drive cycle
but a lower temperature than would ordinarily be seen
on a typical close-coupled catalyst at this point of the
cycle, with a higher perturbation amplitude.
Vehicle Testing Results
The results of the vehicle tests on the reference
catalysts (30/0:25:5) are shown in Table II. Each
result is the average of at least three tests. These
results would be expected to be identical under ideal
conditions; however in practice slight differences in
ageing severity from run to run combined with testto-test error has led to some variation in the results
observed. In particular the ageing of Set 2 appears to
have been slightly milder than the other two and this
makes it difficult to compare results across the sets.
Nevertheless the data are considered sufficiently close
to make useful comparisons between sets, with care.
Table II also shows the limits specified by Euro 5/6
and it can be seen that in all cases the emissions fall
well within those limits.
The results of Set 1 of the test catalysts are shown
in Table III. This set allows comparison of the effect

Table II
Vehicle Emission Test Results for the Reference Catalysts Compared to Euro 5 and 6 Limitsa
Set

a

HC, g km–1

Non-methane HC, g km–1

CO, g km–1

NOx, g km–1

1

0.068

0.052

0.281

0.044

2

0.061

0.047

0.243

0.037

3

0.066

0.051

0.245

0.038

Euro 5/6 limits

0.100

0.068

1.000

0.060

All Reference catalyst loadings were 30/0:25:5

Table III
Vehicle Emission Test Results for Catalyst Set 1
Catalyst composition,

HC, g km–1

CO, g km–1

NOx, g km–1

g km–1

T/Pt:Pd:Rh

a

Non-methane HC,

30/0:25:5 a

0.068

0.052

0.281

0.044

40/0:35:5

0.066

0.051

0.264

0.044

20/0:15:5

0.070

0.054

0.263

0.051

40/35:0:5

0.069

0.055

0.297

0.045

Reference catalyst
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of Pd loading at constant Rh and also a comparison
of Pt with Pd. In the former case there is a clear but
undoubtedly small effect of improved emissions as
Pd loading increases. This was, on closer inspection,
evident in improved light-off as the Pd loading
increased. The emissions of the Pt/Rh catalyst were
again clearly, if only slightly, worse for HC and CO. The
emissions of all catalysts in this set were actually very
similar, suggesting that the most relevant factor is that
the Rh loading remains the same in all cases.
Larger differences were seen in Set 2 (Table IV).The
effect of Rh loading at constant Pd in the first three
catalysts was clear, with the NOx emissions of the low
Rh catalyst being ~75% higher than those of the high Rh
catalyst. This is not unexpected given the well known
role of Rh as an excellent catalyst for the removal of
NOx. A 27% increase in HC emissions was also seen
however, demonstrating that Rh is also important here.
Detailed analysis of the second-by-second emissions

shows that the NOx benefit could be seen in lightoff and also in the extra-urban (high-speed) section
of the drive cycle. A consideration of the emissions
from this portion of the drive cycle alone showed that
the catalyst with 2 g ft–3 Rh emitted ~175 mg of NOx,
both of the catalysts with 5 g ft–3 Rh emitted ~140 mg
and the catalyst with 7.5 g ft–3 Rh emitted only 90 mg
(Figure 1).
The HC benefit was mainly seen at light-off, however
a small difference was also seen in the high-speed
section, again corresponding to the Rh loading for the
Pd catalysts. The Pt/Rh catalyst with 5 g ft–3 Rh slipped
a similar amount of HC in the high-speed section as
the Pd/Rh catalyst with 2 g ft–3 Rh and more than the
Pd/Rh catalyst with 5g ft–3 Rh, suggesting a very small
inherent deficit in HC conversion for Pt.
Set 3 allows a comparison of Rh loading in a catalyst
with constant Pt loading (Table V). Once again a large
improvement in NOx was seen as Rh increases and

Table IV
Vehicle Emission Test Results for Catalyst Set 2
HC, g km–1

Catalyst

Non-methane HC,

CO, g km–1

NOx, g km–1

g km–1

composition,
T/Pt:Pd:Rh

a

30/0:25:5 a

0.061

0.047

0.243

0.037

32.5/0:25:7.5

0.056

0.042

0.261

0.027

27/0:25:2

0.071

0.056

0.289

0.047

20/15:0:5

0.065

0.050

0.249

0.037

Reference catalyst

0.18

140

0.16

120
100

0.12
0.10

80

0.08

60

0.06

40

0.04

20

0.02
0
800

850

900

950

1000 1050
Time, s

1100

1150

Speed, km h–1

Emissions, g

0.14

Catalyst Loadings
32.5/0:25:7.5
20/15:0:5
27/0:25:2
30/0:25:5
Scheduled
speed

0
1200

Fig. 1. Normalised EUDC NOx emissions for Set 2 catalysts, showing a clear effect of rhodium loading
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Table V
Vehicle Emission Test Results for Catalyst Set 3
HC, g km–1

Catalyst

Non-methane HC,

CO, g km–1

NOx, g km–1

g km–1

composition,
T/Pt:Pd:Rh

a

30/0:25:5 a

0.066

0.051

0.245

0.038

30/25:0:5

0.065

0.050

0.228

0.035

32.5/25:0:7.5

0.063

0.051

0.242

0.030

27/25:0:2

0.081

0.062

0.304

0.051

Reference catalyst

HC also improved, although the benefit on increasing
from 5 g ft–3 to 7.5 g ft–3 was less marked than that
seen on going from 2 g ft–3 to 5 g ft–3. The emissions
from the 27/25:0:2 Pt/Rh catalyst were relatively poor
and in fact the weakest of all in this study. The effect
of Rh on HC light-off and on NOx light-off and highspeed performance was seen again, with NOx slip in
the high-speed section again varying clearly with Rh
loading and with similar performance from both the
Pt and Pd-containing 30 g ft–3 catalysts. The second-bysecond HC emissions are shown in Figure 2.
Engine Bench Testing Results
Analysis of the second-by-second data shows that the
majority of differences occur at the beginning of the
test on the pre-lightoff period where there are some
variations in engine-out emissions. For this reason
analysis was done on emissions post-lightoff or in the

Extra-Urban Driving Cycle (EUDC) (4) section of the
drive cycle where these cold start effects are not seen.
Here light-off results are reported by reference to
the temperature at which 50% conversion efficiency
is reached, known as T50, and so a lower figure reflects
a more active catalyst. The CO/NOx crossover is a
standard measure of catalyst efficiency and is derived
from analysis of the separate CO and NOx efficiency
curves as a function of . A higher reported efficiency
naturally reflects a more active catalyst. Typically the
crossover occurs just rich of  1.00, the stoichiometric
air:fuel ratio.
The clear and expected trend of better light-off with
more Pd can be seen in the engine bench test results
for Set 1 (Table VI) and this is also reflected in higher
conversion efficiencies. The Pt/Rh catalyst was slightly
inferior in light-off and noticeably worse in conversion
efficiency under these stressful test conditions.

140

1.0

120

0.8
0.7

100

0.6

80

0.5
0.4

60

0.3

40

0.2

20

0.1
0

0

200

400

600
Time, s

800

1000

Speed, km h–1

Cumulative HC emissions, g

0.9

Catalyst Loadings
32.5/0:25:7.5
27/25:0:2
30/25:0:5
30/0:25:5
Scheduled
speed

0
1200

Fig. 2. Second-by-second total hydrocarbon emissions for Set 3 catalysts
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Table VI
Engine Bench Test Results for Catalyst Set 1
Catalyst composition, T/Pt:Pd:Rh
30/0:25:5

a

a

HC T50, ºC

NOx T50, ºC

Efficiency at CO/NOx crossover, %

370

374

96.6

40/0:35:5

365

371

97.4

20/0:15:5

377

375

94.7

40/35:0:5

379

376

95.6

Reference catalyst

The results for Set 2 are shown in Table VII. In this
case the reference catalyst gave the best HC emissions
and the conversion efficiencies were higher overall
than for the other two sets, indicative of the milder
ageing experienced by this set. Nevertheless the effect
of Rh on light-off was once again seen here and the
trend in hot efficiencies was the same as that observed
for the vehicle tests. The CO/NOx crossover plot is
shown in Figure 3.

The engine bench results for Set 3 (Table VIII),
which were all Pt catalysts except for the reference
catalyst, show the same broad trends as the vehicle
tests. Again the 5 g ft–3 Rh and 7.5 g ft–3 Rh catalysts
were closer in performance than the 2 g ft–3 Rh and 5
g ft–3 Rh catalysts, suggesting that 2 g ft–3 is too low a
Rh loading for the Pt/Rh catalyst used in this study and
that increasing the loading above 2 g ft–3 Rh is highly
effective at improving the catalyst performance. There

Table VII
Engine Bench Test Results for Catalyst Set 2

a

Catalyst composition, T/Pt:Pd:Rh

HC T50, ºC

NOx T50, ºC

Efficiency at CO/NOx crossover, %

30/0:25:5 a

370

375

98.4

32.5/0:25:7.5

354

356

99.0

27/0:25:2

376

379

97.4

20/15:0:5

375

375

97.8

Reference catalyst

100

CO/NOx conversion, %

95
Catalyst Loadings

90

32.5/0:25:7.5
20/15:0:5

85

27/0:25:2
30/0:25:5

80
75
0.99

0.995

1
Lambda

1.005

1.01

Fig. 3. CO/NOx crossover for Set 2 catalysts

286

© 2013 Johnson Matthey

•Platinum Metals Rev., 2013, 57, (4)•

http://dx.doi.org/10.1595/147106713X671457

Table VIII
Engine Bench Test Results for Catalyst Set 3
Catalyst composition, T/Pt:Pd:Rh

a

HC T50, ºC

NOx T50, ºC

Efficiency at CO/NOx crossover, %

30/0:25:5 a

360

357

98.9

30/25:0:5

380

381

97.4

32.5/25:0:7.5

362

360

99.4

27/25:0:2

383

386

91.7

Reference catalyst

is further evidence from the hot conversion efficiency
that a Pt/Rh catalyst does not perform as well as a
Pd/Rh catalyst under these conditions.
The Effects of Different PGM Loadings
The milder ageing experienced by Set 2 compared to
the other two sets makes it difficult to compare the
effect of Pt loading when the Rh loading was kept
constant at 5 g ft–3, because the tests were carried
out across different sets. This may explain why the
expected trend towards lower emissions with higher
Pt loading cannot clearly be seen. Further tests would
be required to confirm this.
Direct comparisons of Pd and Pt are possible both
within and between sets. In the vehicle emissions tests
the difference was small or even non-existent. However
on the engine bench the clear trend was that, when
comparing equally loaded Pd/Rh vs. Pt/Rh catalysts,
the Pd/Rh catalysts performed better by a noticeable
margin. The  sweep test in particular was intended to
be stressful for the catalyst, allowing small differences
to be exaggerated.
When Pd and Pt are compared, it should be
borne in mind that the Pd/Rh catalysts tested were a
commercially produced technology which has been
optimised for Pd/Rh during development. For the
reasons outlined earlier Pt/Rh washcoat development
has received less attention and as such the Pt/Rh
catalysts tested here should not be considered as
fully optimised but as possible readily implemented
alternatives to current technology.
Across all sets the effect of a change in the Rh
loading was undoubtedly, mass for mass, significantly
greater than that of a change in either the Pt or Pd
loading. The reduction in emissions which could be
achieved by adding a given mass of Rh was greater
than that which could be achieved by adding the same
mass of either Pd or Pt. Conversely the removal of an
equivalent amount would have the largest detrimental
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effect. Rh has a clear beneficial effect on light-off for
all pollutants both on the specific vehicle chosen for
this study and on the engine bench. Rh also helped
NOx emissions in the high-speed section of the vehicle
test and conversion efficiency on the engine bench.
Finally, it must be noted that each of the ten different
pgm compositions tested here for a Euro 5 vehicle
has been proven to result in emissions below the
Euro 5 (and Euro 6) limits (Table II). This implied
flexibility immediately raises the question of which
of these is ‘best’, or indeed if another system could be
designed based on this information which might fit
that description. Typically of course this decision will
be made on a balance of technical and commercial
factors and this study has only begun address the
technical aspects of a possible system design.
Conclusions
This study has found, as expected, that increasing
either the Pt or Pd loading results in lower emissions
and better catalyst performance. The highest and
lowest Pd and Pt loadings considered were more
than a factor of two different and yet the effect on
performance was in the main rather small over the
majority of the legislative European drive cycle. The
lower amounts of Pd and Pt used were sufficient, at
least in this application, and it may be possible to lower
them further. There is a small but noticeable deficit in
performance when comparing Pt with Pd technology.
A slightly wider relative spread of Rh loadings was
investigated and here the effect on emissions and
performance was significantly larger. In mass terms
the changes investigated were much smaller than
for Pt or Pd, yet the effect of increasing Rh loading
from the lowest levels considered was much greater.
This was primarily seen in NOx emissions but a clear
effect on HC emissions was also observed. Rh has
been shown therefore to be of significant benefit to
both light-off and catalyst performance. Rh thrifting in

© 2013 Johnson Matthey

•Platinum Metals Rev., 2013, 57, (4)•

http://dx.doi.org/10.1595/147106713X671457

recent years has been in some cases significant and
on occasion has been done in conjunction with an
increase in overall pgm (most often Pd) loading; this
study raises the question of whether in some cases a
partial reversal of both of these changes is worthy of
serious consideration.
It is not possible in one study to fully evaluate all
the many possible combinations of pgms and in terms
of legislated vehicle emissions this study is of course
confined to one application only. The conclusions
therefore are necessarily limited, but the following
general statements can be made:
(a) A system with low Rh loading can readily be
improved by increasing this Rh loading and there
is a relatively large effect of doing this by a small
amount.
(b) Increasing Pd or Pt loading improves emissions
performance by a significantly smaller amount
than the effect of Rh loading. Conversely
decreasing Pt or Pd may have only a small effect
on emissions.
(c) Pd outperforms Pt by a small margin under most
conditions, although the difference appears
greater under more stressful conditions such
as high-speed driving or wide perturbation
amplitude.
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Introduction
Platinum group metals (pgms) play a crucial role in a
variety of applications and in particular for a host of
catalytic applications (1–3). Supported pgm catalysts
are used widely for industrial bulk and fine chemical synthesis. However the largest application is currently in vehicle emission control (VEC) catalysts
to efficiently reduce particulate matter (PM), carbon monoxide (CO), oxides of nitrogen (NOx) and
hydrocarbons (4, 5). In most modern VEC catalyst
formulations, the use of palladium (with rhodium)
predominates for gasoline engines whilst platinum
is required for most diesel systems. VEC catalysts
have been studied extensively and have continued
to develop to keep pace with ever more stringent
emission control regulations (4, 6). VEC systems are
diverse and complex but generally contain amounts
of pgm in the range of 0.1–1 wt% with a mixed oxide
catalytic functional support and a thermally stable
structural support (4, 5, 7, 8). Several studies have
been carried out to determine the chemical species
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present in VEC catalysts before, during and after use
(4–6), although the nature of the species present
in the system are still not completely understood.
More recently, there have been concerns that chloroplatinate species, seen in some pgm processing
applications, can exist in used catalysts in specific
environments (9). Thus it is our aim to determine the
types of species present in VEC catalysts, and in particular any minor components within the overall Pt
atomic environments, using XAS.
Characterisation of automotive exhaust catalysts
has been carried out using a variety of analytical techniques. In particular, electron microscopy has been
used to determine the particle size and shape of supported catalysts; Fourier transform infrared (FTIR)
spectroscopy studies to investigate the adsorption of
gaseous molecules such as CO; X-ray photoelectron
spectroscopy (XPS) to determine the oxidation states
of outer layer atoms; X-ray diffraction (XRD) to examine the crystallinity and particle size of phases; and
XAS to determine the electronic and geometric structure of the active species (7, 10–17). Among these
techniques XAS is particularly useful (18), since measurements can be conducted directly (without high

•Platinum Metals Rev., 2011, 55, (4)•

vacuum), representatively (all atoms are reflected in
the signal and not those just at the surface or within
crystalline domains) and with a high degree of sensitivity to determine the nature of Pt species in the catalyst. The main drawback of this technique is that it
provides averaged information. For example, if more
than one type of particle is present, with different
shapes and sizes, the technique will provide only an
average structure for all particles.
Here we report the use of XAS techniques, in particular XANES and EXAFS, to determine the types of
species present in fresh and road aged diesel VEC
catalysts that contain platinum as a major active constituent. Other elements, for example palladium and
rhodium, may also be present in the catalyst formulation; however, the aim of this study is to understand
speciation with respect to platinum in the catalyst.
Experimental
Data Collection
The Pt L3 edge XAS experiments were carried out
at beamline B18 at the Diamond Light Source,
UK (Figure 1), which operates at ca. 3 GeV electron energy. Pt foil of thickness 25 m was used to

Fig. 1. The XAS beamline setup used for the present experiments (Courtesy of Diamond Light Source, UK)
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calibrate the monochromator and was used as one
of the reference materials, using data collected after
calibration. Three additional reference compounds
were also measured: platinum(IV) oxide (PtO2),
potassium tetrachloroplatinate(II) (K2PtCl4) and
platinum(II) chloride (PtCl2). All the reference compounds were obtained from Alfa Aesar and were
mixed with alumina in such a way that the overall
concentration of Pt was ca. 5 wt%. In a typical experiment, 150 mg of the powder sample was pressed into
a 13 mm diameter disc (approximately 1.5 tons of
pressure was applied to get a good pellet) and used
for XAS measurements. XAS data for all the reference
materials were collected using transmission mode in
which two ion-chambers (filled with argon or helium
to a required amount) were employed for measuring the incident intensity (I0) and intensity after
transmission (It).
Experiments were also performed on a Johnson
Matthey prepared standard model alumina supported
platinum catalyst, 1% Pt/Al2O3, which is here denoted
as RM1. The data derived from this model catalyst
were used to establish analysis procedures to determine the types of species present in diesel VEC monolith catalysts.
Road aged diesel saloon car VEC catalyst samples
were obtained from UK registered car dealerships in
selected geographic regions to represent coastal and
non-coastal environments. The exact source of manufacture of the catalysts was not identified, to maintain
anonymity. Two replacement original equipment
manufacturer (OEM) parts were ordered for the
respective vehicles. One was fitted to the vehicle, the
other was utilised as a control sample for this characterisation study and is referred to as ‘fresh’. Attempts
were made to collect data with spatially resolved
information by cutting the monolith samples to a flat
plate and measuring the attached washcoat in fluorescence mode, but the quality of the data was not
satisfactory. Subsequent measurements were therefore made using pellets made from scraped washcoat
powder from the monolith, since the Pt concentration
is fairly low for fluorescence mode (a nine element
Canberra detector was employed for this purpose).
In general very good quality data were obtained and
data up to ca. 18 Å1 could be analysed; however a
few data sets, in particular PtO2 and the fresh catalyst
samples, were not satisfactory above ca. 14.5 Å1. The
XANES part of the data was found to be very reliable
in all cases.
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Data Analysis Methods
Initial processing of the data was carried out using
the ATHENA software package (19, 20) for normalisation and background subtraction. In addition this
software package was used to calculate linear combinations of two or more possible species which
may be present in the XANES data. This was used
to estimate the concentration of different oxidation
state species present in the catalysts. To determine
the structure of various phases present in the system,
detailed analysis of the EXAFS data was performed.
This allowed the possible first neighbour atoms, X,
in Pt-X (X  Pt, O or Cl) species to be determined
up to ca. 3 Å using the EXCURV (21) software package. Raw data without Fourier filtering was used for
detailed analysis by curve fitting procedures. Since
only the first neighbours were analysed, a singlescattering approximation was used.
Results and Discussion
Using both XANES and EXAFS data, the reference and
model materials are first discussed in order to better
understand the types of platinum species present in
fresh and road aged diesel VEC catalysts.
Reference Materials
Figure 2(a) shows the Pt L3 edge XANES data for
the reference materials Pt foil, PtO2 and K2PtCl4,
representing the three different types of neighbours
one would expect in a real catalyst. The main absorption peak (usually called the ‘white line intensity’)
is related to the 2p3/2 to 5d transition (which is the
dipole allowed transition). The intensity of the XANES
signal depends on the transition probability and the
density of unoccupied states (18). In this case, all the
transition states are the same and so the white line
intensity corresponds closely to the density of unoccupied states. In this case, Pt(IV) (-PtO2) shows the
highest and Pt0 (Pt foil) the lowest intensity.
Other factors such as the near neighbour distances
(level of bonding contribution), solid state effects, any
bimetallic species that are present and importantly
particle size effects (nano and bulk) can also affect
the white line intensity or perturb the width (shape)
and other features (22). Oxidic compounds typically
show a higher intensity than chlorinated compounds.
This particular area is not completely understood
and hence it is difficult to quantify these aspects.
The majority of studies based on analysis of XANES
data rely on crystalline reference materials, although
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Fig. 2. Pt L3 edge XANES spectra of: (a) the reference materials Pt foil, PtO2 and K2PtCl4 with different
oxidation states and various coordination environments; and (b) comparison of two chlorine containing
reference compounds PtCl2 and K2PtCl4

catalysts containing highly dispersed species do not
possess long-range order; solid state effects can therefore alter the spectral features and mean that analysis of the XANES data may not yield accurate results.
Despite these issues, qualitative information can be
gained by analysing the XANES data (23).
More recently, several features in XANES spectra,
in particular just above the white line, have been
interpreted based on both theory and comparison
with experimental data, and used for suggesting
possible Pt-X species present in a given system. For
example, feature B (see Figure 2) has been identified as representative of Cl neighbours in the system
(24–27). However, this feature was also found to
be present, although at a different energy, in pure
metallic platinum (Pt foil, Figure 2(a)) although
it was absent in the reference oxidic compound
(PtO2, Figure 2(a)). In addition, a similar feature B in
two different Pt-Cl containing compounds (PtCl2 and
K2PtCl4, Figure 2(b)) appear to be present at different
energies.
In order to determine whether such differences
in the energy position of feature B are related to the
Pt-Cl distance, a curve fitting analysis of the EXAFS
data of the Pt-Cl containing reference compounds
was carried out. To extract non-structural parameters
associated with curve fitting analysis, in particular
the amplitude reduction factor (AFAC), Pt foil data
for which the crystal structure is precisely known
was analysed. The best fit between experimental and
calculated EXAFS spectra and the associated Fourier
transform (FT) for Pt foil is shown in Figure 3. Once
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the AFAC was obtained, a further test was carried out
using EXAFS data for PtO2. The best fit between experimental and calculated data is shown in Figure 3.
Only the first Pt-O shell was considered here, and
the phase was assumed to be -PtO2. Although PtO2
exists in two forms, -PtO2 and -PtO2, the latter is a
high pressure phase and unlikely to be present. This
system has been characterised by Graham and coworkers (28, 29).
Subsequently, EXAFS data of the two Pt-Cl containing reference compounds, PtCl2 and K2PtCl4, were
analysed in detail. The best fit between the experimental and calculated EXAFS data, and the associated FTs, are shown in Figure 4. All the coordination
numbers (N), bond distances (R) and Debye-Waller
factors (2) derived from the analysis are given in
Table I. From Table I, it is clear that the Pt-Cl distances are closely similar and well within the typical error limits of ca. 0.02 for determining bond
distances from EXAFS data. This suggests that the
differences in feature B seen for various Pt-Cl containing platinum species may not be related to Pt-Cl
distances; further detailed studies are required to substantiate this finding.
Model Catalyst
Figure 5 shows the XANES spectra of the model
catalyst RM1 heated in air at different temperatures.
The white line intensity is higher for the systems processed at low temperatures which indicates that there
is more than one component present in these low
temperature systems.
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Fig. 3. Best fit between experimental Pt L3 edge EXAFS data and calculated data for Pt foil (top) and PtO2
(bottom). On the right are shown the corresponding Fourier transforms of the experimental and calculated
data. Note that in the analysis of the Pt foil data, crystal structure data is used to maintain a coordination
number of 12 for the first shell. The amplitude reduction factor was 0.94. For PtO2, the obtained amplitude
reduction factor of 0.94 was kept constant and the coordination number (N) was varied. In all cases the
interatomic distances (R) were refined along with the threshold energy (E0) and Debye-Waller factor (2) to
obtain the best fit

Table I
Structural Parameters of Reference Materials Determined from the Analysis of EXAFS Data
System

Atom pair

Coordination

Interatomic

Debye-Waller

number, N

distance, R, Å

factor, 2, Å2

Fit index

12

2.77

0.005

36

Pt foil

Pt-Pt

PtO2

Pt-O

5.6

2.00

0.0034

39

PtCl2

Pt-Cl

4

2.32

0.0034

31

K2PtCl4

Pt-Cl

4.3

2.32

0.0041

32
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238

RM1 900ºC
RM1 600ºC
RM1 as received
1.6
1.2

ln (I0/I)

In order to establish the species present in the RM1
catalyst after processing at different temperatures, the
EXAFS data were analysed. Figure 6 shows the best
fit between experimental and calculated data for all
the RM1 catalyst samples along with their respective
FTs. The results of the analysis are given in Table II.
It is clear from the analysis that the as received RM1
sample contains a significant oxidic component. The
inclusion of other species in the fitting procedure, in
particular Cl neighbours, did not yield a better fit to
the experimental data or produce physically meaningful results. RM1 heated at 600ºC for 18 hours shows
predominantly metallic Pt. However, adding a Pt-O
contribution resulted in a better fit and a 10% improvement in the fit index (goodness of fit). This suggests
that the oxidic platinum species present in the as
received RM1 catalyst are not completely converted

0.8
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Energy, eV
Fig. 5. Comparison of the Pt L3 edge XANES data
of model Pt/Al2O3 catalysts (RM1) heated in air at
different temperatures
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Fig. 6. Best fit between experimental and calculated EXAFS data and the respective Fourier transforms of RM1
model catalysts heated in air at different temperatures
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Table II
Structural Parameters Obtained from the Analysis of EXAFS Data of Model RM1 Catalysts as
Received and Calcined at Various Temperatures
System

Atom pair

Coordination
number, N

RM1 as received
RM1 600ºC
RM1 900ºC

Debye-Waller
2

factor,  , Å

2.3

2.01

0.0055

Pt-Pt

3.0

2.75

0.008

Pt-O

1.0

1.98

0.011

Pt-Pt

9.2

2.76

0.005

Pt-Pt

11.6

2.76

0.0045

Diesel VEC Monolith Catalysts
XANES Data Analysis
Pt L3 edge XANES data of fresh and road aged catalysts, both obtained from a non-coastal environment,
along with Pt foil, PtO2 and K2PtCl4 are compared in
Figure 7. The white line intensity is slightly higher for
the fresh catalyst than for the road aged catalyst, and
the XANES spectrum of the road aged catalyst is closer
to that of bulk Pt metal. A tiny peak above the white
line intensity at around 11,585 eV is present in Pt foil
and is more pronounced in aged catalyst than in fresh
catalyst (Figure 7(a)). This feature is also present in
K2PtCl4 and PtCl2, but seems to appear at different
energies.
In order to obtain more quantitative information,
a linear combination fit analysis was carried out on
the fresh and road aged catalysts using the ATHENA
software. Typical best fits obtained using a linear combination of Pt foil, PtO2 and K2PtCl4 data are shown
in Figures 7(b) and 7(c). For the fresh catalyst, the
analysis suggests that the majority of the species are
Pt0. A minor component can be due to either Pt-Cl or
Pt-O species or a combination of both. It is important
to note that although the calculated linear combination data matches the white line area, features at

Fit index

2

distance, R, Å

Pt-O

to metallic platinum when heated at 600ºC. Samples heated at 900ºC could be modelled based only
on bulk platinum and there was no need to include
additional species to fit this data. The coordination
number of these samples was found to be ca. 11.8,
which is very close to bulk Pt metal. This suggests that
sintering has taken place, leading to the formation of
bulk-like species (30).

240

Interatomic

36
37
39

higher energies could not be matched precisely using
this combination. Attempts were made to use other
types of Pt-Cl compounds but the best fits were again
not completely satisfactory. This may be due to the
use of crystalline bulk materials data as the reference
while the XANES features may have been affected by
the high pgm dispersion in the VEC catalysts, as well
as a Pt/Pd alloying effect due to the presence of Pd in
the catalyst washcoat formulation. Chemical analysis
found the chlorine content in the fresh catalyst sample to be ca. 33 ppm, well below what would be stoichiometrically required if Pt-Cl species were present
in the XANES data of the fresh or road aged catalysts.
(See Supplementary Data available on the web version of this article.)
EXAFS Data Analysis
The analysis of the EXAFS data was found to be much
more reliable for determining Pt speciation, since the
Pt-O, Pt-Cl and Pt-Pt distances are significantly different
(2.02 Å, 2.31 Å and 2.74 Å, respectively). The results
of the best fit between calculated and experimental
data for the fresh and road aged catalysts derived from
non-coastal and coastal environments are shown in
Figures 8 and 9, along with their respective FTs. The
results of the analysis are given in Table III.
The active components present in the coastal and
non-coastal catalyst samples were found to be different. In the non-coastal samples, palladium was found
to be present as well as platinum. Inductively coupled
plasma (ICP) analysis also confirmed its presence in
this catalyst. (See Supplementary Data.) However, in
the coastal samples, only platinum was present.
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It is clear from the structural parameters listed in
Table III that the major components in all the catalysts
were metallic species. The fresh catalysts from both
non-coastal and coastal environments contained
small amounts of platinum in an oxidic environment.
The amount of Pt-O species appears to be higher for
the non-coastal samples compared to the coastal
samples, but was still lower than for the model RM1
catalyst described earlier. Furthermore, analysis of the
EXAFS data of the fresh non-coastal catalyst showed
the presence of a bimetallic Pt-Pd component, in
addition to monometallic Pt-Pt. This is easily distinguishable in the analysis of the EXAFS data, despite
the fact that Pt-Pt and Pd-Pd distances are comparable
in magnitude. When an attempt was made to include
a Pt-Cl component in the analysis it always yielded
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Fig. 7(a). Comparison of Pt L3 edge XANES spectra
of fresh and road aged non-coastal catalysts with
selected reference materials. Linear combination fits
obtained from the best fit for: (b) the fresh catalysts;
and (c) the road aged catalysts are also shown. The
estimated concentration of individual components
determined by linear combination fit analysis is given
in parentheses on the charts
both unrealistic Pt-Cl distances (much shorter than
expected) and also unrealistic Debye-Waller factors.
The structural data reported in Table III for the road
aged catalysts showed the presence of predominantly
metallic species with a high proportion of monometallic Pt-Pt. There was no significant increase in the
Pt-Pd contribution compared to the fresh non-coastal
catalyst. It is difficult to conclude whether the monometallic component is similar to bulk species, due to
sintering, since both the mono- and bimetallic components contribute to the coordination number. Coastal
samples, which did not contain any palladium, also
showed an increase in the Pt-Pt coordination number upon ageing. The oxide component decreased
upon ageing in both catalysts. The increase in the
Pt-Pt coordination number in the road aged catalyst
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Fig. 8. Best fit between experimental and calculated EXAFS data (left) and the respective Fourier
transforms (right) of fresh non-coastal catalyst (top) and road aged non-coastal catalyst (bottom)

suggests that some sintering may have taken place,
although the coordination number remains below the
value seen for the model RM1 catalyst heated at 900ºC. It
is well known that prolonged use of VEC catalysts leads
to sintering and deterioration in their performance (4, 5,
30). However, it is difficult to correlate such effects in
this case, since the age, usage and history of the road
aged catalysts studied is not known. The main important finding from this study is that, based on a detailed
analysis of the EXAFS data, it can be inferred that chloroplatinate species were not detected in either fresh or
road aged diesel VEC catalysts.
Conclusion
A detailed XANES and EXAFS analysis of fresh and road
aged diesel VEC catalysts, obtained from registered UK
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car dealers in both non-coastal and coastal regions,
was carried out to determine the species present in
both fresh and road aged light-duty diesel catalysts.
Although a linear combination fit of the XANES data
has been widely used in many studies to determine the
speciation, the present studies suggest that both XANES
and EXAFS data are required to clearly show the nature
of the species present in a catalyst. The results from the
VEC catalysts studied here show that it is unlikely that
there are Pt species associated with chlorine present in
the system whether used in a coastal or a non-coastal
environment. If species other than metallic (or bimetallic) components are present in the system, they are
associated with oxygen atoms and may be present as
a discrete oxidic phase or as a result of the metal particles interacting with the oxidic support.
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Fig. 9. Best fit between experimental and calculated EXAFS data (left) and the respective Fourier transforms
(right) of fresh coastal catalyst (top) and road aged coastal catalyst (bottom)
Table III
Structural Parameters Obtained from Analysis of Pt L3 edge EXAFS Data of Fresh and Road Aged
Diesel VEC Catalysts
VEC catalyst system

Atom pair

Coordination
number, N

Fresh non-coastal

Interatomic

Debye-Waller
2

distance, R, Å

factor,  , Å

Pt-O

1.71

2.01

0.009

Pt-Pt

3.63

2.74

0.0055

Pt-Pd

1.53

2.74

0.0055

Road aged non-coastal Pt-Pt

7.44

2.71

0.0045

Pt-Pd

2.71

2.74

0.0045

Pt-O

0.7

2.0

0.005

Fresh coastal
Road aged coastal
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42

7.11

2.76

0.006

Pt-O

0.38

1.98

0.004

2.76

0.0045

10.8

35
47

Pt-Pt
Pt-Pt

Fit index

2

37
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Cleaning the Air We Breathe – Controlling
Diesel Particulate Emissions from
Passenger Cars
By Martyn V. Twigg*
Johnson Matthey PLC, Orchard Road, Royston, Hertfordshire SG8 5HE, U.K.; *E-mail: twiggm@matthey.com

and Paul R. Phillips
Emission Control Technologies, Johnson Matthey PLC, Orchard Road, Royston, Hertfordshire SG8 5HE, U.K.

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

27

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
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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
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100
Diameter, nm
Number
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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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Diesel Engine Emissions and Their Control
AN OVERVIEW
By Tim Johnson
Corning Environmental Technologies, Corning Incorporated, HP-CB-2-4, Corning, NY 14831, U.S.A.;
E-mail: johnsontv@corning.com

This review covers recent developments in regulations to limit diesel emissions, engine
technology, and remediation of nitrogen oxides (NOx) and particulate matter (PM). The
geographical focus of regulatory development is now the European Union (EU), where
Euro V and Euro VI regulations for light-duty engines have been finalised for implementation
in 2009 and 2014, respectively. The regulations are much more loosely drawn than those for
the U.S., but options exist for adapting European vehicles to the U.S. market. Europe is just
beginning to address heavy-duty regulations for 2013 and beyond. Engine technology is making
very impressive progress, with clean combustion strategies in active development, mainly
for U.S. light-duty application. Work with heavy-duty research engines is more focused on
traditional approaches, and will provide numerous engine/aftertreatment options for complying
with the stringent U.S. 2010 regulations. NOx control is focusing on selective catalytic reduction
(SCR) for diverse applications. Zeolite catalysts will be the mainstay of this technology for
Japan and the U.S., and perhaps even for some Euro V-compliant applications. The emphases
are on low-temperature operation, secondary emissions and system optimisation. Lean NOx
traps (LNTs) are effective up to about 60 to 70% deNOx efficiency, and are being considered
for light-duty applications. There is growing interest in supplementing LNT performance with
integrated SCR, which utilises ammonia generated in the LNT during rich regenerations.
Diesel particulate filter (DPF) technology is at a stage of optimisation and cost reduction.
Very sophisticated management strategies are being utilised, which open up options for the
use of new filter materials and alternative system architectures. Issues with secondary emissions
are emerging and are being addressed.

Light-Duty Regulatory
Developments
Although regulatory initiatives for diesel
tailpipe emissions have already been established
for the foreseeable future in Japan and the U.S.,
the EU is still in the process of finalising the
technical details of the light-duty regulations for
the next 10 years. Concerning carbon dioxide
emissions, the EU and automotive manufacturers came to a voluntary agreement a few years
ago. California finalised similar regulations in
2005, which are currently undergoing judicial
review.
At the time of writing this review, the
European Union had approved the Euro V
(2009) and Euro VI (2014) regulations. Figure 1
shows how the control requirements of the new
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proposed NOx regulations compare with those
in the U.S., not taking into account test cycle differences (within the range 10 to 20%). Also
shown in Figure 1 are the approximate NOx
reductions that would be required in order for
Euro V- and Euro VI-compliant vehicles to be
sold in the U.S. The requirements of the
Japanese 2009 regulations are similar to those of
Euro VI.
It is expected that compliance with the
Euro V NOx regulations will largely be possible
without resort to NOx aftertreatment (1), but
significant NOx controls will be needed if
Euro V-compliant vehicles are to be saleable in
all 50 states of the U.S. It is more likely that
Euro VI-compliant vehicles will be developed in 2009/10, leveraging early incentive
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Fig. 1 Euro V and Euro VI light-duty NOx regulatory limits compared to the U.S.: (a) About 55 to 60% NOx control
will be needed for a Euro V (2009) diesel to hit the U.S. Bin 8 maximum allowable emission (45 states). For Bin 5 (50
states) nominally 85 to 90% NOx control is needed; (b) For Euro VI (2014), the requirement is 65 to 70% additional
NOx reduction

programmes. Some NOx aftertreatment will be
required within that timeframe on the larger
vehicles. Either LNT or SCR will need to be
applied to the lighter vehicles to achieve the 60
to 65% NOx reduction required for sales to all
the states in the U.S. Indeed, some European
manufacturers have announced the introduction
of Bin 5-compliant diesels for the U.S. in this
timeframe using these two NOx control
technologies.
The European Commission is considering
adjusting the PM limit from 5 to 3 mg km–1 to
reflect a new measurement protocol, and is
determining an appropriate number-based PM
emission limit (in number of particles per km).
The technical protocol for this is being developed and is close to approval. Testing and
monitoring of Euro V-compliant vehicles for
particulate number is being considered. German
manufacturers have agreed to use diesel particulate filters on all cars by 2009.
Figure 2 shows how the European market is
faring in terms of carbon dioxide (CO2) emissions (2). In the light of increasing vehicle size
and capacity, and a consumer desire for more
power, the targets were missed for the first time
in 2005, and the trend does not look favourable.
As a result, the European Commission and
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Council of Ministers are formally considering
mandatory CO2 limit values. California’s regulations are mandatory and similar in restriction,
but lag behind the European commitment by
three to four years.
To meet the CO2 targets, Thom (2) showed
that significant effort will be needed concerning
gasoline vehicles heavier than about 1000 kg and
on diesel vehicles heavier than about 1500 kg.
Apart from the CO2 targets, there are market
and political pressures on the auto companies to
improve fuel economy. The combination of
more stringent tailpipe emission regulations and
necessary improvements in fuel economy is
driving significant technological progress in
the industry.

Heavy-Duty Regulatory
Developments
On the heavy-duty front, the picture is similar. Japan and the U.S. have finalised their
regulations for the next five to ten years, but
Europe is just beginning the process. In that
regard, the European Commission recently
asked key stakeholders to comment on six regulatory scenarios for the Euro VI standard in the
timeframe 2012 to 2014, ranging from no or
minor tightening from Euro V to full adoption
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Fig. 2 Progress towards meeting the EU voluntary CO2 limits (2). ACEA = European Automobile Manufacturers
Association; JAMA = Japan Automobile Manufacturers Association; KAMA = Korea Automobile Manufacturers
Association (Courtesy of DaimlerChrysler)

of U.S. 2010-type regulations with nominal limits of 0.20 g kWh–1 NOx and 0.010 g kWh–1 PM.
For reference, the U.S. 2010 limits will be at 0.26
g kWh–1 NOx and 0.013 g kWh–1 PM, and the
Japanese 2009 limits are 0.7 g kWh–1 NOx and
0.010 g kWh–1 PM. However, each has a different transient test cycle from Europe. To help
address that disparity, the European
Commission adopted a new World Harmonised
Transient Cycle (WHTC), one that uses a higher
load and speed than the Japanese cycle, but a
speed only slightly lower than for the current
European Transient Cycle. Also under serious
consideration are a number-based particulate
standard and a heavier in-use compliance measure. The Commission aims to have a formal
proposal ready for the Parliament by early 2008.

Light-Duty Engine Developments
Regulatory, market, and fuel economy
requirements are making great demands on
diesel engine technology. Further, advanced
gasoline concepts and hybrid electric vehicles
are exerting competitive technology pressures.
Diesel engine developers are responding by
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using advanced fuel injection technologies,
exhaust gas recirculation (EGR) control,
advanced and two-stage turbocharging, variable
valve actuation, closed-loop combustion control, and advanced model-based control.
Advanced diesel engines (3) are now approaching a specific power output of 70 kW l–1 and a
brake mean effective pressure (BMEP) of 24
bar. Some of these developments are allowing
diesel engines to approach Euro VI-compliant
engine-out emissions levels (4, 5).
More sophisticated engine technologies
could lead to the adoption of economical lightduty diesels in the U.S. The fundamental
characteristics of these – the ‘advanced combustion, mixed mode’ engines – are illustrated in
Figure 3 (6, 7).
In early injection strategies, much of the fuel
charge is mixed with gas before ignition. This
helps to avoid the conditions for soot formation. The NOx formation regime is avoided with
high levels of EGR that keep the flame cooler.
With late injection strategies, the charge is
mixed and simultaneously burned using, for
example, high swirl. The combination of good
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mixing and high EGR helps the charge avoid
soot and NOx formation regimes.
Managing these strategies becomes very difficult as the amount of charge increases.
Therefore, they are limited today to the lowerleft-hand quadrant of the engine’s load-speed
characteristic, up to perhaps 30 to 50% load and
perhaps 50% speed. Traditional diesel combustion strategies will still be used at higher load,
hence the term ‘mixed mode’. Low-load
advanced combustion operation might be sufficient, as most of the points of the certification
test cycle fall within this region. This minimises
the amount of NOx aftertreatment that might be
required to meet the regulation, and probably
results in cost savings. Indeed, some authors are
projecting that, for a properly designed vehicle,
it might be possible to meet the U.S. 50-state
NOx requirements with no NOx aftertreatment
by the end of the decade (4). Even so, some
NOx treatment will still be used to prevent ‘offcycle’ emissions.

Heavy-Duty Engine Developments
Heavy-duty (HD) diesel engine developments
are primarily aimed at improved fuel economy,
reliability, cost and durability. As such, advances
tend to be conservative and incremental. The
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2600

3000

U.S. 2004 regulations were generally addressed
using advanced EGR and turbocharging measures. U.S. 2007 and Japanese 2005 technologies
added diesel particulate filters, whereas Euro IV
(2005) and now Euro V (2008) regulations are
largely addressed by using more conventional
engine technologies and SCR.
Moving on to Japanese 2009 and U.S. 2010
requirements, incremental advances on the earlier compliant technologies will be seen.
However, as with light-duty engines, advanced
combustion strategies may emerge to address
low-load emissions issues. Because most of the
fuel in heavy-duty applications is spent under
higher load regimes, engine researchers are
focusing more on traditional diesel combustion
hardware and strategies, and they are making significant progress.
Figure 4 summarises results for high-load
emissions from research engines (8–12) with
respect to the U.S. 2010 Not-to-Exceed (NTE)
in-use emissions limits. U.S. NTE is the most
difficult standard to meet under high load conditions in many applications. Figure 4 illustrates
the range of possibilities for HD engines using
‘cutting edge’ hardware and control under
laboratory conditions. These results are cited as
representing the best results that technology
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might deliver in the next five years. With 75 to
80% NOx control from SCR systems under high
load conditions, allowable engine-out NOx
emissions of 1.6 to 2.0 g kWh–1 (without engineering margin) are commensurate with PM
emissions at about 0.025 to 0.050 g kWh–1, placing PM NTE requirements well within the
capability of filters.
In the U.S., 2007 engines were required to
meet NOx NTE limits of about 2.3 g kWh–1.
Without improvements, these engines need
about 85% NOx control to meet the U.S. 2010
NTE requirements. With 90% efficient filters,
meeting NTE PM limits is not a problem. A typical 2007 high load point would be well off the
graph in Figure 4. It is reasonable to believe that
actual 2010 engines may incorporate nominal
20% incremental improvements in engine-out
NOx abatement relative to 2007 technology.

NOx Control Technologies
SCR is emerging as a key NOx control strategy for both light-duty and heavy-duty
applications. It was first commercially available
in 2005 for European and Japanese HD applications. The high NOx removal efficiency and
robust performance of SCR allow fuel sensitive
applications to be run at maximum efficiency
(high engine-out NOx, low PM).
SCR is expected to be used in many 2010
U.S. HD applications. In addition, several lightduty Tier 2 Bin 5 (50-state) applications have
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been announced. For successful application of
SCR in the U.S., the Environmental Protection
Agency (EPA) requires a plentiful, readily available supply of urea, and that vehicle drivers keep
urea on board. The key stakeholders in the
industry and the EPA developed a framework
that is incorporated in EPA guidelines (13).
On the light-duty side, the urea strategy
(‘Bluetec II’) proposed by DaimlerChrysler (now
Daimler) and licensed to Volkswagen and BMW
requires that enough urea be kept on board to
allow for filling at lubrication oil changes. This is
perhaps up to 28 litres, assuming a 2% consumption rate relative to fuel for an 11,000 mile
(17,600 km) range, according to Jackson et al.
(14). The authors estimate that about half of
U.S. drivers would utilise lubrication shops for
this service. They also anticipate that 5- to 18litre bottles of urea will also be available at
fuelling stations and retail outlets at a cost of
U.S.$5.30 to U.S.$4.30 per litre, respectively.
On the heavy-duty side, a 1% urea consumption rate is expected. A 75-litre tank might last
13,000 to 17,000 miles (21,000 to 27,000 km) for
Class 8 and Class 6-7 vehicles respectively. The
Class 8 vehicles would need one urea fill
between major services (i.e. lubrication oil
changes), whereas the smaller classes will not.
Approximately 5000 truck stops pump about
half the on-road fuel. These vendors would use
3000- to 15,000-litre urea stillages in the early
years, until urea demand reaches about 9500
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litres per month. After that point, underground
tanks become more economic.
European SCR catalysts are based on vanadia,
whereas those in Japan are zeolite-based. Given
that zeolites have better high-temperature durability, and that the SCR will be receiving very hot
gas from the upstream filter system during
regenerations, zeolites are expected also to be
used in the U.S. As Figure 5 shows, the new zeolite formulations perform better at the extreme
temperatures and are less sensitive to non-ideal
NO2/NOx ratios (15).
SCR work is now being directed toward
improving low-temperature performance via
more accurate NO2/NOx control (a 50% ratio
provides the fastest reduction reaction), minimising secondary emissions, and improving
on-board urea delivery systems. Given improv-

ing catalyst and system performance, low-temperature SCR systems are becoming viable at
urea decomposition temperatures. If urea can be
thermally decomposed, for example with a
bypass heater, system efficiency can be
improved from 75 to 95% (16). Slip catalysts are
generally thought to remove most of the secondary emissions from SCR systems, such as
ammonia, isocyanic acid (originating from
incomplete urea decomposition), nitrous oxide
and nitrohydrocarbons (17). New slip catalysts
are emerging that will convert ammonia all the
way to nitrogen, and will probably abate hydrocarbon-based emissions as well (18). On-board
urea systems are now largely of the airless
type (19, 20). Modelling of the urea-exhaust wall
interaction demonstrates enhanced mass and
heat transfer for better urea distribution when
Fig. 5 Performance of
zeolite selective catalytic
reduction (SCR) catalysts
(‘Catalyst A’ and ‘Catalyst
B’) relative to a standard
wash coated vanadia
catalyst (V-SCR). Zeolites
exhibit:
(a) better low temperature
and high temperature
performance; and
(b) less sensitivity to NO2
inlet levels (15)
(Temperature = 200ºC)
(Courtesy of Johnson
Matthey)
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to about 60 to 70% NOx efficiency in ‘realworld’ light-duty systems (28), as shown in
Figure 6. This is sufficient to bring a Euro Vcompliant engine to Bin 8 compliance, or a Euro
VI-compliant engine to Bin 5 compliance, as
shown in Figure 1.
100
NOx conversion, %

the spray is impinged on the pipe; however, thin
films can form if the pipe temperature is less
than about 280ºC (21). There is also much interest in urea systems affording a higher capacity
by employing solid urea or magnesium chloride
(MgCl2) as the storage medium. Solid urea lasts
more than twice as long as liquid urea for a given
volume, but needs to be heated to about 180 to
200ºC in the presence of water vapour to
decompose to ammonia (22). MgCl 2 stores
ammonia, and cartridges can readily be handled,
replaced, recharged and recycled (23). It also has
three times the volume-specific ammonia capacity and half the weight of Adblue ®.
Theoretically, a 28-litre tank will last 150,000
miles (240,000 km) of testing under the Federal
Test Procedure (FTP) when abating the emission from a Bin 8-compliant light-duty engine to
a Bin 5 tailpipe limit.
SCR is not always the preferred NOx abatement technology. Some vehicle manufacturers
consider that their customers will resist ureaSCR if other options exist. Also, mainly because
of the relatively fixed cost of an on-board urea
system, small LNTs are cheaper for engines of
less than about 2.0 to 2.5 litres capacity (24).
Finally, since mixed-mode engines greatly
reduce low-load NOx, allowing LNT deployment to focus on NOx entering at temperatures
greater than about 300ºC, about 70% of the
platinum group metals (pgms) might be
removed (25). This could make LNT more economically attractive than SCR for cars with
engines of up to 5 or 6 litres capacity (24, 26).
The durability of LNTs under sulfur contamination has always been a major problem. The
sulfur is removed by passing a rich, hot stream
(700ºC) for a total of about 10 minutes every
3000 to 6000 miles (5000 to 10,000 km).
Although earlier LNTs lost perhaps 50% of
their capacity over 15 to 20 desulfation cycles,
newer versions now lose only about 25% of the
fresh NOx capacity. Further, in the past it was
difficult to control desulfation temperature to
within 700 to 800ºC. Newer control strategies
now allow this degree of control (27), and perhaps even better. Given this, LNTs are effective
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Fig. 6 NOx performance curves for heavily-aged
potassium- and barium-based lean NOx traps (LNTs).
U.S. Federal Test Procedure (FTP) efficiency is 63%.
Swept volume ratio (SVR) = 0.94; 3.9 g l–1 pgm loading
(28) (Courtesy of SAE and Umicore)

For the medium- and heavy-duty applications, high-temperature LNT formulations are
being developed to address the challenge of
meeting the difficult high-load requirements of
the U.S. NTE regulation (29). As LNTs need a
periodically rich stream to regenerate NOx and
to desulfate, minimising the amount of rich gas
used in the LNT saves fuel and helps control. As
such, bypassing most of the lean exhaust past
the LNT (29) or into an adjacent LNT system
(30) can deliver good NOx reductions at reasonable fuel penalties – 75 to 80% efficiency at full
load, at 1.2 to 2.0% fuel penalty, with an LNT
sized at 1.4 times the swept volume of the
engine (swept volume ratio (SVR)). These
results, however, do not reflect deterioration
due to significant ageing.
Finally, there has been much recent interest
in combining LNTs with SCR. In this case, a
downstream SCR catalyst stores ammonia that is
generated in the LNT during rich operation. The
ammonia can react with slipped rich NOx or
lean NOx, increasing system efficiency, or
decreasing pgm loading, and hence cost at constant efficiency. A recent variant of this method
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employs a NOx adsorber/SCR double layer configuration (31). Figure 7 shows the concept. The
system exhibits excellent low-temperature NOx
conversion in the 200ºC range, but poor hightemperature conversion over 350ºC. Another
feature is that desulfation occurs at 500ºC, as
compared with 700 to 750ºC for conventional
LNT systems.

to catalyse the filter instead of using FBC, and in
the latest variant the DOC function is incorporated into the filter (33). For medium-duty
applications, approaches are similar to those for
light duty, but for the larger engines in the U.S.,
auxiliary injectors or burners are deployed in the
exhaust to impart DPF regeneration. Concerns
in this regard are oil dilution by fuel from late
injections, and the desire to decouple DPF
injection events from engine management
requirements.
DPF management is becoming quite sophisticated. A platinum-catalysed filter system will
‘passively’ regenerate from the reaction of NO2
with carbon under medium- and high-load conditions (34). Passive regeneration is limited by
temperature and by NOx:C ratios. Successful
long-term passive operation of filter systems
(35) has been achieved with exhaust gas temperature profiles of 40% > 210ºC and NOx:soot
ratios less than 15. In extended operating conditions under which passive regeneration is not
enough to keep the filter clean, ‘active’ regeneration is needed. Zink et al. (36) reviewed the
approaches in the European light-duty sector,
and identified common features:
– Estimation of DPF soot loading using engine
and back pressure models, and fuel consumption;
– Preheating the system to ensure that injected

Particulate Matter Control
Technologies
Platinum-based diesel particulate filters
(DPFs) are now as integral to the diesel engine
as fuel injectors. Within a couple of years, virtually all new diesel cars in Europe, the U.S. and
Japan will deploy DPFs. They have a high penetration in new Japanese trucks, and all new U.S.
truck engines have used them since January
2007.
Peugeot opened up this field with the
announcement of their system in April 1999, and
a subsequent literature report (32). The system
comprised a flexible common rail fuel injection
system, enabling late or post injections of hydrocarbons into a platinum-based diesel oxidation
catalyst (DOC) for burning to start DPF regeneration, a cerium-based fuel-borne catalyst
(FBC) to help burn the soot, and an uncatalysed
silicon carbide (SiC) DPF. In subsequent development, other automotive manufacturers chose

Lean (NOx adsorption)
NOx, O2

Rich (NH3 production
& adsorption)
Reductant (CO, H2)
NH3 o NH3(ad.)

(Top)
(Bottom)

Lean (NH3-SCR, NOx
adsorption)
NOx, O2 4NH3(ad.) + 2NOx +
(3 – x)O2 o 3N2 + 6H2O

Solid acid
NH3
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NO o NO(ad.)
2NO + O2 o 2NO2(ad.)

CO + H2O o H2 + CO2
3H2 + 2NOx(ad.) o 2NH3 + xO2
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Fig. 7 In the NOx adsorber/selective catalytic reduction (SCR) combination double layer system, lean NOx is adsorbed
on a ceria material. During rich operation some of the NOx is converted to ammonia which is stored and used during
lean operation on an upper platinum SCR catalyst (31) (Courtesy of ika and VKA Aachen Kolloquium; and Honda);
OSC = oxygen storage capacity; ad. = adsorbed
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hydrocarbons can ignite and heat up the
filter;
– Increase of exhaust hydrocarbon levels via incylinder or supplemental fuel injection, for
burning on a catalyst;
– Control and monitoring of the regeneration
as a function of operating point and conditions;
– Recalculation of pertinent models to take
account of ash build-up.
Soot loading models have been in development for many years. Although contemporary
pressure-drop models take account of filter and
catalyst architecture, ash loading, PM characteristics, and completeness and nature of
regeneration, they still generally serve as supplementary
algorithms
to
soot
loading
determinations based on engine operating
conditions.
If active regeneration is required, a catalyst
temperature in the range of 220 to 250ºC is necessary to burn injected hydrocarbons,
sometimes calling for active system heat-up
strategies. Common approaches are air intake
and/or exhaust throttling, as well as appropriate
late injection of fuel (37). These measures enable
heat-up at ambient temperatures of –10ºC with,
in a medium-duty vehicle application, an average
speed of 14 km h–1. The use of increased
electrical loads on the engine has also been
described (38).
Once hot, fuel injection strategies will

depend on operating conditions (34, 38); see
Figure 8. To prevent lubricating oil ash from
sintering to itself, and to protect the DPF catalyst, soot burning exotherms need to be
controlled within suitable maxima. Some parameters required for achieving this are filter
thermal mass and catalyst loading, exhaust temperature and flow rate, and soot loading and
characteristics. Craig et al. (39) provide an excellent example of how, under worst-case
‘drop-to-idle’ (DTI) conditions (start soot combustion at high temperature and flow, and then
drop to idle), maximum exothermic temperatures vary with soot load, and gas temperature
and flow rate using cordierite filters. Karkkainen
et al. (40) show how this information can be
incorporated into a safe regeneration strategy, in
which exhaust temperature is gradually
increased from 550 to 600ºC as soot burns, and
if the engine drops to idle, engine speed is
increased to remove heat from the filter.
Additionally, managing oxygen through EGR
control is being proposed (1).
An example of the level of sophistication of
DPF soot loading models is offered by
Muramatsu et al. (41). They found that the primary soot combustion characteristics, namely
ignition temperature and oxidation rate, depend
on how the soot was generated. They quantified
these parameters and incorporated them into
their control and monitoring model, part of
which is illustrated in Figure 9.
Fig. 8 Different fuel injection
and throttling strategies are
used to initiate and control
diesel particulate filter (DPF)
regeneration (38) (The inset
boxes show the general fuel
injection pattern (fuel quantity
as a function of crank angle.)
The colours represent the
regimes on the engine map
where these injection patterns
are operative. The dotted lined
box represents the operating
regime within which intake
throttling is used to increase
exhaust temperature.)
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Advances in material science are likewise
facilitating developments in filter materials. For
light-duty applications, SiC filters have been the
standard. However, aluminium titanate (AT) (33)
filters are now in series production, and, aided
by better engine controls, the industry is beginning to move to the deployment of advanced
cordierite (42) filters. Cordierite is the preferred
filter material for heavy-duty applications.
The properties of the new AT filters are
impressive in comparison with SiC materials.

1 g l–1 min–1
Specific particulate
accumulation, g l–1

Boundary

The low thermal expansion and high strength of
AT mean that filter integrity is maintained without pasting smaller segments together to relieve
thermal shock in a larger filter. No cracks in the
filter material were observed even after a long
run of severe regeneration cycles (with
exotherms to 1150ºC) (33). Further, tight control of pore size reduces back pressure for
catalysed AT filters with soot, as shown in
Figure 10.
Filter designers are also using cell geometry

Normal combustion
Abnormal combustion

2 g–1 l–1
Same PM
combustion rate
constant

500

550

600
650
700
Inlet temperature, ºC

750

Fig. 9 Relationship between
filter soot load and exhaust
temperature to impart a normal
regeneration event. The
boundary changes depend on
soot characteristics (41)
(Courtesy of SAE)

800

250

Back pressure, 'p, mbar at 200ºC

200

SiC 42% 200/14
SiC 59% 300/12

150
AT 300/13

100

SiC 42% 200/14

50

®

DuraTrap
AT 300/13

6 g l–1

SiC 59% 300/12

0 g l–1
0

100

200
300
Exhaust flow rate, m3 h–1

400

500

Fig. 10 Soot-loaded catalysed advanced aluminium titanate (AT) filters have 30% lower back pressure than
comparable SiC filters (33) (Courtesy of Technical University Dresden and Volkswagen AG)
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creatively to increase ash storage capacity. By
increasing the size of the inlet cell relative to
that of the exit cell, ash loading can increase by
50% while maintaining the same back pressure
for soot-loaded filters; this is illustrated in
Figure 11 (43).
Filter catalyst technology is advancing
impressively. Recent reports show that pgm
loadings may be reduced and performance
improved if the DOC function is incorporated
into the filter via new coating methods. Filter
regeneration is more complete as compared
with systems with a separate DOC or FBC
(44). In addition, hydrocarbon and CO reductions are comparable to those with DOC
systems, and NO 2 emissions are reduced (45).
As filter technology evolves and expands,
more attention is being paid to secondary
emissions. In some European cities, ambient
NO 2 levels are increasing despite reduced or
constant total NOx levels. Much of this
increase is attributable to the large numbers of
light-duty diesels that utilise DOCs (46), but
some evidence suggests that catalysed filter
systems are also contributors (47). Indeed, by
2009 California will require that diesel retrofit

systems emit no more than 25% of the NOx as
NO 2. In that regard, Goersmann et al. (48)
demonstrated a new system (Figure 12) that
abates more than 95% of the NO 2 emissions
coming from catalysed DPFs.
Aerosol nanoparticles are another form
of secondary emission under discussion.
Epidemiological studies have correlated adverse health effects to particulate mass, and
some physiological evidence suggests that
solid ultrafines can cause biological effects. In
this regard, filter systems remove over 90% of
PM mass and over 99.9% of carbon and other
solid ultrafine particles. Some operating conditions (mainly high load and/or low ambient
temperature) may increase the emission of
aerosol nanoparticles in the < 30 nm size
range from catalysed filter systems (49).
Although the nanoparticles are almost all sulfates, the use of ultra-low sulfur fuel and low
sulfur lubricating oil has only a minimal effect.
However, when a sulfur trap is applied after
the catalysed DPF system (50), the concentration of aerosol ultrafine particles drops below
ambient levels (49). Figure 13 shows some
results.

10
10 g l–1 soot
Back pressure, 'p, kPa at room
temperature and 25 m3 h–1

8
Std
ACT
6
Std
5 g l–1 soot

4

ACT
Std

2

0 g l–1 soot
0

10

20

30
40
Ash load, g l–1

50

ACT

60

70

Fig. 11 Asymmetric cell technology (ACT), wherein inlet diesel particulate filter (DPF) cells are larger
than exit cells, can give 50% more ash capacity while maintaining back pressure (43) (Courtesy of ika
and VKA Aachen Kolloquium; and Corning Incorporated)
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2 Particulate filter
PM (C) trapped
[C] + 2NO2 o CO2 + 2NO
Diesel fuel
CO

CO2

HC

H 2O

PM
NO

NOx
1 Oxidation catalyst
CO + ½O2 o CO2
[HC] + O2 o CO2 + H2O
NO + ½O2 o NO2

3 NO2 decomposition catalyst
[HC] + xNO2 o CO2 + H2O + xNO

Fig. 12 A new NO2 remediation system reduces 95% of the NO2 emissions from catalysed filter
systems (48) (Courtesy of Technical University Dresden and Johnson Matthey)
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Fig. 13 Sulfur-based aerosol ultrafine particulates can be generated in catalysed
filter systems. Sulfur traps reduce these emissions to below ambient levels (49). (CRDPF = continuously regenerating diesel particulate filter) (Courtesy of SAE and
University of Minnesota)

Integrated NOx/Particulate
Matter Systems
The first integrated NOx and PM systems are
expected to enter service in 2008 in the U.S.

Platinum Metals Rev., 2008, 52, (1)

light-duty market and in 2009 in the Japanese
heavy-duty market, formally three months ahead
of the U.S. 2010 heavy-duty market.
It is greatly preferable to position the NOx
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system after the filter system to allow as much
passive NO2-based regeneration of the filter as
possible. Using only active regenerations for the
filter can result in a net fuel penalty of up to 3%,
depending on the drive cycle. However, for
chassis-certified light-duty applications, fast
light-off of the NOx system is critical, so locating the NOx system in front is being considered
for those applications (51). For most heavy-duty
applications, in which passive filter regenerations dominate and low fuel consumption is
critical, NOx systems are located behind the
filter.
Management of integrated NOx/PM systems
presents a unique set of challenges and synergies. For LNT-based systems, there are
synergies, such as coordinating desulfation with
active DPF regenerations, and utilising the periodic rich LNT regenerations to burn soot on
catalysed DPFs that contain oxygen storage
washcoats. For both SCR and LNT systems, the
upstream DPF may provide NO2 to facilitate the
deNOx reactions. On the liability side, active
DPF regeneration could send hot gas into the
NOx system, raising durability concerns. Also,
management of the fuel injection for DPF or
LNT management and urea injection steps is
more difficult.
Moving into the future, we expect to see
innovative component and system integration,
with plenty of choice between engine, DOC, filter and deNOx options.

Recommendations for Future
Work
As the automotive industry progresses with
advanced combustion mixed-mode engines,
especially in the light-duty sector, cold-start
hydrocarbon and CO emissions in advanced
mode, and/or NOx emissions in traditional
combustion mode will become critical. Light-off
should be at temperatures lower than 175ºC.
Further development is needed in the LNT and
SCR systems, especially on the mechanisms of
ammonia formation on LNT materials when run
in the rich mode. Zeolite SCR catalysts also need
improvement to their performance in the lowtemperature regimes, and better models are
needed to understand ammonia storage dynamics. Low-temperature (< 200ºC) urea decomposition is a limiting factor for many systems,
and advanced hydrolysis catalysts might help
here. Lean NOx catalysts, using fuel instead of
ammonia for the SCR reaction, show promise
for providing effective, low-cost NOx reduction.
Much more work is needed on these catalyst
systems.
For PM control, limiting NO2 emissions is
critical; here mathematical modelling, better catalysts and improved management methods are
all needed. A better understanding of the catalyst-support-soot-gas interaction might lead to
more effective DPF catalysts.
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FINAL ANALYSIS

NOx Emissions Control for Euro 6
The control of oxides of nitrogen (NOx) emissions to
meet more stringent motor vehicle emission legislation
has been enabled by the development of various
exhaust gas aftertreatment technologies, notably those
that employ platinum group metals (pgms).
Technology Developments
For gasoline engines the most common aftertreatment
for the control of NOx, as well as the other major
regulated pollutants, carbon monoxide (CO) and
unburnt hydrocarbons (HCs), is the three-way
catalyst (TWC). This technology was developed
in the late 1970s (1). It allows the oxidation of CO
and HC over platinum-palladium or just palladium
during lean (excess oxygen) conditions to form
carbon dioxide and water, while rhodium performs
the reduction of NOx to N2 under rich (oxygen
depleted) conditions. This technology relies on
the engine operating around the stoichiometric
point (air:fuel ratio of 14.7:1) where maximum

simultaneous reduction of NOx and oxidation of
CO and HCs can take place. Emissions standards
for European gasoline vehicles which have been in
force since 2009 (2) specify NOx emissions must not
exceed 0.06 g km–1 (Table I), a limit that is met by
TWC technology.
For diesel engines, which operate under lean
conditions, NOx is harder to deal with. Previous
diesel vehicles used advanced engine technologies
to significantly lower NOx emissions. For example,
exhaust gas recirculation (EGR) is used to recirculate
a proportion of the exhaust gas back into the engine
cylinders to reduce the cylinder temperature during
combustion and thereby reduce formation of NOx.
A disadvantage of this method is that it increases
emissions of particulate matter (PM). Tighter
PM limits have now been enforced across many
jurisdictions and are met by using a pgm-coated
diesel particulate filter (also known as a catalysed
soot filter (CSF)).

Table I
European Passenger Car NOx and Particulate Emissions Limits for Euro 5 and Euro 6
Stage

Date

NOx, g km–1

Particulate mass,
g km–1

Number of
particles, km–1

0.18

0.005d

–

d

Compression Ignition (Diesel)
Euro 5a

2009.09a

Euro 5b

b

2011.09

0.18

0.005

6.0 × 1011

Euro 6

2014.09

0.08

0.005d

6.0 × 1011

0.06

0.005c, d

–

0.06

c, d

Positive Ignition (Gasoline)
Euro 5
Euro 6

2009.09a
2014.09

0.005

6.0 × 1011 c, e

a

2011.01 for all models
2013.01 for all models
c
Applicable only to vehicles using direct injection engines
d
0.0045 g km–1 using the particulate measurement procedure
e
6.0×1012 km–1 within first three years from Euro 6 effective dates
b
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New Legislation Challenges
New legislation in force for European heavy-duty
diesel vehicles from 2013, light-duty diesels from
2014 and some non-road diesel engines from 2014
requires a further reduction of NOx emissions.
As shown in Table I, NOx emissions for light-duty
diesel passenger cars reduce from the current Euro
5 limit of 0.18 g km–1 to the Euro 6 limit of 0.08 g km–1
from 2014. PM emissions are already regulated
to the extremely low level of 0.005 g km–1 by the
current Euro 5 legislation. The development of fuel
efficient lean-burn gasoline engines also presents
new challenges – NOx levels typically generated in
the engine cylinder, whilst lower than conventional
gasoline engines, are nevertheless still well above
the Euro 6 limits and therefore some form of catalytic
aftertreatment is required.
The two leading catalyst technologies used to
remove NOx in a lean-burn engine to meet the above
legislation are lean NOx trap (LNT) or selective
catalytic reduction (SCR). LNT catalysts remove NOx
from a lean exhaust stream by oxidation of NO to NO2
over a platinum catalyst, followed by adsorption of
NO2 onto the catalyst surface and further oxidation
and reaction with metal species incorporated in the
catalyst, for example barium, to form a solid nitrate
phase. Once the catalyst is filled with the solid
nitrate phase, the engine is then run rich for a short
period to release the NOx from its adsorbed state.
The released NOx is then converted during the rich
period to N2 over a rhodium catalyst. SCR systems use
a platinum-based diesel oxidation catalyst (DOC)
or a combination of a DOC and a platinum-based
CSF to oxidise a proportion of the NOx into NO2 and
remove HC/CO. A NOx reductant, usually in the form
of aqueous urea, is then injected into the exhaust gas
after the oxidation catalyst and the NO/NO2 mixture
is then selectively reduced over the downstream SCR
catalyst.
The decision whether to use LNT or SCR on a
vehicle involves many factors. SCR requires space
on the vehicle to fit the urea tank and dosing system,
which is less of a constraint on heavy-duty and larger
light-duty vehicles. Furthermore, the need to run
the engine rich for LNT systems is more technically
demanding for larger engines so LNT systems are
more suited to smaller light-duty vehicles. SCR
systems are impractical for use on gasoline vehicles
as their NOx output is significantly higher than from
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diesel, and hence unfeasibly large urea tanks would
be required.
The Future
NOx and other pollutant levels emitted from vehicles
are assessed by use of a standardised driving cycle
for Europe. The current driving cycle which is used
to measure emissions from light-duty vehicles may be
changed in the future to include an even wider range
of driving conditions, for example further extended
low speed driving conditions such as common in
congested city driving or much higher speed driving
conditions than used in the current drive cycle.
For diesel LNTs the future challenge is to maximise
NOx conversion at low speed driving conditions as
well as providing high NOx conversion during high
speed driving. For diesel SCR systems, the future
challenge is also to boost NOx conversion when
the engine is operating at very low speeds. This low
speed challenge may be helped by moving the SCR
closer to the engine where it can benefit from higher
temperatures, but there are space and system layout
considerations. There is currently a good deal of
research ongoing into diesel powertrain optimisation
for a wide range of driving scenarios.
The proposed enforcement of a particulate number
limit (3) for gasoline engines in Europe also presents
challenges by requiring control of PM to extremely
low levels in addition to keeping emissions of other
pollutants at minimal levels. One possibility is to use a
filter coated with similar material to a TWC as part of
the overall aftertreatment system.
For gasoline engines, new on-board diagnostic limits
that come into force at Euro 6 part 2 in 2017 (3) reduce
by 70% the threshold amount of NOx emitted before
the driver is notified of a problem with the catalyst.
Some manufacturers are therefore looking at ways of
further improving the durability of catalysts, including
by increasing the relative loadings of rhodium. Due to
the excellent NOx reduction capability of rhodium, it
may be possible to substitute palladium with small
quantities of rhodium to give a cost- and performanceoptimised system.
Conclusions
There remains a good deal that can be done on
controlling NOx emissions from vehicles using pgms.
As regulations tighten, cover more vehicle types and are
adopted by more jurisdictions around the world, greater
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use of pgm-containing emissions control systems can be
anticipated.Good progress has been made on the control
of NOx from gasoline engines and developments are
being made on lowering NOx emissions from diesels to
meet upcoming emissions limits.
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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
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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 → 2CO2
2CmHn + (2m + ½n)O2 → 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 → 2Nads + 2Oads
Nads + Nads → N2
Oads + H2 → H2O
Oads + CO → 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

2007

a

NOx

PM

0.25a

3.40

0.40

–

b

3.40

0.40

–

c

0.25
0.25

3.40

0.40

–

d

0.125

3.40

0.40

0.08

LEV2e, f

0.075

3.40

0.05

0.01

Tier 1
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
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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-
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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 → NO2
MCO3 + NO2 → MNO3 + CO2
MNO3 → MO + NO + ½O2
MO + CO2 → 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 → 2NH3 + CO2
4NH3 + 4NO + O2 → 4N2 + 6H2O
4NH3 + 2NO + 2NO2 → 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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40 Years of Cleaner Air: The Evolution of the
Autocatalyst
Autocatalysts have prevented billions of tonnes of pollution from entering the
atmosphere and offer solutions to current concerns about urban vehicle pollution
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The 40th anniversary of the manufacture of the world’s
first commercial batch of autocatalysts for passenger
cars at Johnson Matthey Plc’s site in Royston, UK,
was marked in May 2014. Despite the enormous
progress made in reducing the emission of pollutants
from vehicles since the 1970s, there has also been
considerable recent discussion about the levels of
nitrogen oxides (NOx), especially nitrogen dioxide
(NO2), and particulate matter (PM) in today’s urban
environment. This article describes the evolution of
catalyst technologies over the last forty years and the
next generation of products which will enable further
advances in air quality.

Initial Breakthroughs
From the 1940s onwards large cities, particularly in the
USA and around Tokyo, were experiencing increasing
levels of air pollution. In the 1950s work in California
proved that photochemical smog formed from reactions
between NOx and hydrocarbons (HCs) (1) and that
internal combustion engine exhaust was a major source
of such pollution (2). Clean Air Acts were passed in the
UK and in the USA, and from 1968 all new passenger
cars in the USA had to meet exhaust gas emissions
standards. Initially these were achieved through better
engine tuning, but an amendment requiring a further
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90% reduction in emissions by 1975 forced the use of
catalytic exhaust gas aftertreatment systems.
Johnson Matthey had been conducting research in
the area since 1969, and in 1971 filed a patent for
a rhodium-promoted platinum catalyst (3). This was
used in a ‘two-way’ device, designed to remove the
carbon monoxide (CO) and HC emissions caused
by incomplete combustion of the fuel. Exhaust gas
recirculation was used to control NOx emissions.
Proof of durability was a critical step in the acceptance
of the new technology. In 1972 Johnson Matthey
demonstrated to the US authorities that a catalyst
system still met the 1975 emissions standards after
26,500 miles of driving on a Chrysler Avenger (Figure 1)
(4), helping to maintain the timetable for introduction
of the legislation. In parallel, the introductions of leadfree gasoline and ceramic honeycomb materials that
could support high temperature catalytic processes
were also essential.
To achieve lower NOx emissions a dual-bed catalytic
converter was developed (4). The engine was run
rich, i.e. with an excess of fuel to generate reducing
conditions, and NOx was reduced to nitrogen over the
first catalyst. Secondary air was introduced into the
exhaust to generate net oxidising conditions before the
second catalyst, which was designed to oxidise CO and
HC to CO2 and water. While this system was effective
it compromised fuel economy. The development of
oxygen sensors in the late 1970s allowed the design
of closed loop engine management systems which
could accurately control the air to fuel ratio (AFR). This
allowed the exhaust gas composition to be balanced
at the optimum point for ‘three-way’ conversion:
simultaneous oxidation of CO and HC and reduction of
NOx over a single catalyst. Such three-way catalysts
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Fig. 1. (a) The Chrysler Avenger test vehicle; and (b) exhaust emissions obtained using the 1975 control system over 26,500
miles testing. (o = emissions at 26,500 miles before servicing of the vehicle, x = emissions at 26,500 miles after normal servicing
of the engine, during which process the catalyst was not touched) (4)

(TWCs) were essential to meet another tightening of
US emission limits effective from 1981.

Developing Today’s Catalysts
The early TWC designs are recognisable as the
precursors to today’s gasoline autocatalysts. There
have since been major improvements in coating
design, application of platinum group metals (pgms),
thermal stability of raw materials and properties of
the cerium-containing oxygen storage materials.
Along with advances in engines and substrates, these
have enabled increasingly stringent emissions limits
and durability targets to be met on current gasoline
vehicles around the world, whilst using substantially
less pgms.
The emissions story in the US and Japan was focused
primarily on gasoline vehicles, but in Europe, where
passenger car emissions legislation was introduced in
1993, diesel engines had a significant market share.
Heavy duty applications also predominantly used
diesel engines. Diesel oxidation catalysts (DOCs) were
effective in removing CO and HC emissions, but soot
became a significant concern, especially in local low
emission zones. In 1990 Johnson Matthey patented
the use of NO2 to reduce the combustion temperature
of diesel soot (5). This technology was launched as
the continuously regenerating trap (CRT®) in 1995,
comprising a DOC to oxidise CO and HC and form
NO2 upstream of a cordierite particulate filter (6). This
achieved much success as a retrofit device to control
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emissions from local bus and truck fleets, and was later
incorporated onto new vehicles. PM limits for diesel
passenger cars did not require the fitment of filters until
the introduction of Euro 4 legislation in 2005.
A limitation of the CRT® design was that each NO2
molecule could only react once with the carbonaceous
soot, requiring engines to be run at a high NOx:PM
ratio. Incorporating pgm-containing washcoat into
the filter walls, enabling ‘used’ NO molecules to be
reoxidised to NO2 in situ, allowed much more efficient
filter regeneration at lower NOx:PM ratios. This was
the basis of the catalysed soot filter (CSF) (7), now
common in light and heavy duty diesel applications.

The Future of Cleaner Air
Compared to those from 1974, today’s vehicles
have much cleaner and more efficient combustion
processes, improved fuel injection system design
and sophisticated engine management systems and
sensing technologies. In conjunction with advanced
catalyst technologies a modern passenger car
typically emits one-hundredth as much pollution as
one from ca. 1960. However, the impact of air quality
on human health, particularly in urban environments,
is high on the political agenda. Many European cities
are breaching European Union limits on NO2, leading
to renewed debate about local measures to reduce
pollution (8). European real world driving emissions
(RDE) legislation is being prepared, with the aim of
ensuring that vehicle pollution is controlled over a wide
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range of driving styles and ambient conditions, not just
over the specified drive cycles. Meanwhile pollution is
a major issue in many Asian cities, with, for example,
Beijing considering the introduction of increasingly
stringent emission limits.
The introduction of diesel particulate filters on light
duty diesel (LDD) and heavy duty diesel (HDD) vehicles
has been an important step towards addressing these
concerns, supported by future legislation to control
the number of particulates emitted (and not just their
total mass) from gasoline direct injection engines
in Europe and similar legislation expected for nonroad mobile machinery. Selective catalytic reduction
(SCR) is already a widely used technology to control
NOx emissions from HDD applications in developed
markets. Furthermore Euro 6 passenger car legislation,
which came into effect in September 2014, more than
halved the permitted NOx emissions from compression
ignition engines, necessitating the introduction of
specific NOx control technologies on almost all new
European diesel passenger cars.
There are currently two competing technologies for
diesel NOx control: SCR and NOx adsorber catalysts
(NACs) (9), each with advantages and disadvantages.
SCR systems, based on copper, iron or vanadium
materials, reduce NOx to nitrogen through reactions
with stored ammonia. High NOx conversion rates can
be achieved and the reaction occurs under a standard
diesel AFR, maintaining fuel economy. However, the
ammonia is derived from the decomposition of urea
solution injected into the exhaust gas upstream of
the SCR catalyst. This requires an additional storage
tank, urea injection and control system, the cost and
space requirements of which can be prohibitive for
smaller vehicles. The urea decomposition threshold
temperature of ca. 180ºC, limits the effectiveness of
SCR systems in extended low temperature regimes
such as low speed city driving in winter. There are also
concerns about the release of excess ammonia into the
atmosphere, leading to the development of additional
ammonia slip catalysts (ASCs).
NACs trap NOx emissions during normal operation,
typically by oxidation over a pgm and storage as nitrate
on an alkaline earth such as barium. As the NAC
has a finite NOx storage capacity, it is necessary to
periodically regenerate the catalyst. This is achieved
by running the engine rich for a few seconds to
increase the concentrations of reductants including
CO, HC and hydrogen in the exhaust gas. Under
the rich conditions the nitrate decomposes and the
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released NOx species are converted to nitrogen
through reaction with the exhaust gas reductants over
a second catalytic component, typically supported
rhodium. The periodic requirement to run the engine
rich adds to the complexity of the powertrain design
and worsens fuel economy, which is undesirable given
legislative targets to reduce CO2 emissions/improve
fuel economy. The additional cost of pgms can be a
concern for larger vehicles. Furthermore there is a
temperature window where NACs operate effectively:
at higher temperatures the storage mechanism is less
stable and at lower temperatures the NOx release and
reduction reactions are less effective.
To address NOx control for RDE on diesel passenger
cars a likely solution is a combination of NAC and SCR
systems, harnessing the strengths of each technology.
An upstream NAC will store NOx emissions at low
temperatures when the SCR system is less effective.
The NAC will also act as an oxidation catalyst to
convert HC and CO emissions. A downstream SCR
will provide NOx control under higher speed, higher
temperature conditions, also enabling extended lean
operation for improved fuel economy. Optimisation of
such systems is taking place, with focus on matching
the operating temperature windows of the NAC and
SCR components.
As engines become increasingly fuel efficient less
waste heat enters the exhaust. This is a critical
concern for the aftertreatment system as it leads to
lower catalyst operating temperatures. A common
diesel catalyst architecture comprises a DOC followed
by CSF, urea injection and SCR. Due to the thermal
mass of the CSF (required to withstand uncontrolled
soot regeneration) and heat losses from the exhaust
pipe in the urea mixing zone in front of the SCR, it
can take many minutes of city driving before the
SCR warms up sufficiently to provide high levels
of conversion efficiency. An elegant solution is to
integrate the SCR coating onto the particulate filter
(10), thus enabling the SCR coating to heat up and
become active more quickly, whilst also improving
the compactness of the system (Figure 2). Such
SCR coated on filter (SCRF®) technologies are now
in series production – another world first for Johnson
Matthey, Royston. Design challenges include the
incorporation of significantly higher coating loadings
onto a filter than were required for CSF, leading to
a requirement for high porosity filter substrates and
optimisation of the filtration efficiency and pressure
drop characteristics.
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Fig. 2. Schematic demonstrating how the SCRF® improves system compactness and an example of how, over the European
drive cycle, it warms up more quickly than an SCR downstream of a CSF (due to its closer proximity to the engine) enabling
earlier NOx conversion

Conclusions
Since the development of the first catalytic converters
there have been many advances in powertrain,
substrate and catalyst technologies over the last
forty years. Emissions control systems are now
required in countries across the world and they have
prevented billions of tonnes of pollutants from entering
the atmosphere. However, NOx and PM pollution
continues to affect human health, particularly in urban
environments. The introduction of new technologies
to control diesel NOx emissions, alongside the more
widespread fitment of particulate filters, will lead to
further improvements in air quality.
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