Introduction

CHAPTER 1

INTRODUCTION

1.1 General

During the last decade, diesel engines have inedeas popularity compared to
gasoline engines around the globe, due to bettdrdificiency, lower operating cost,
higher durability, and reliability, simultaneoushgsociated with a favourable fuel tax
situation in several countries [Banus et al. 20013jey are widely used to transport
goods, services and people. They are the powecedehind commercial transport,
being employed in trucks, buses, trains, and shipsyell as off-road industrial vehicles
such as excavation machinery, and mining equipriieedini et al. 1998]. They also
play a vital role in power generation and are usadfarming, construction, and
industrial activities. However, a major environnanproblem associated with diesel
engines is the emission of particulate matter (B&)t from the exhaust, which consists
mostly of carbonaceous soot and soluble organictina (SOF) of hydrocarbons
[Abdullah et al. 2008]. Because of the carcinoggmimperties of aromatic compounds,

the photochemical hazardous products of hydrocartzom presence of black carbon
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associated with PM could induce serious health Iprob, adverse impact on
environment and cause global warming and climaémgé [Lu et al. 2007].

As the regulations on diesel engine emissions @&®orhing more stringent,
engine modification and exhaust treatment haverbeagssential. Up till now, plenty of
research has been carried out worldwide on the vahwf soot. For soot abatement,
diesel particulate filter (DPF) technique is widedynployed to trap the PM with
trapping efficiencies > 98% [Walker 2004]. As thiefs accumulate PM, it builds-up
backpressure that has many negative effects suctieazased fuel economy and
possible engine and/or filter failure [Stamateld397]. To prevent these negative
effects, the DPF have to be regenerated by oxigligi®. burning) trapped PM. An
attractive option to remove PM is passive regermrabf DPF. Passive regeneration
involves the catalytic combustion of the trapped &ing the normal operation of the
engine. Soot is burned out by the oxidation catalgeposited onto the filter [Van
Setten et al. 2001, Maricq 2007]. The catalystsughpromote soot combustion at a
rather low temperature, and display excellent #@gtiand durability under practical
working conditions of the engine exhaust [FinoleR@03, Pisarello et al. 2002]. Many
types of catalysts have been investigated for thee sombustion such as platinum
group metals (PGM), perovskite-type oxides, spitygle oxides, rare earth metal
oxides, and mixed transient metal oxides. The meajadlenge lies in finding catalysts
capable of soot oxidation at temperatures normadhched at diesel exhausts (150-
450C). Perovskite oxides appear as an important faafilyatalysts and show potential
as effective soot oxidation catalyst for the DPEause of their low cost, high thermal

stability, and tailoring flexibility [Mishra and Bsad 2014].
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1.2 Diesdl Soot

PM/Soot is highly carbonaceous material, formed tuthe incomplete combustion of
hydrocarbons. It is a complex mixture of organianpounds, lubricating oil and

inorganic compounds such as ash (mineral oxided)saifphur compounds. It exists
almost entirely in the forms of clusters and chahsdividual primary soot particles

(spherules). Clusters may contain as many as 4@@0idual spherules, making the
cluster size mostly within the range of 60-100 fiHeywood 1988, Sakamoto et al.
1997]. The number of spherules that a cluster aostes observed to vary with the total
air/fuel ratio over a range from 22 to 100 in asdieengine [Roessler et al. 1981].
Clusters produced at lower air/fuel ratios are nfoghly agglomerated, and vice-versa.
The structure and composition of soot are illusttaschematically in Figures 1.1 and

1.2.

Solid Carbonacecus Particles with
Adsorbed Hydrocarbon / Sulfate Layer
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Figure 1.1 Typical composition and structure of engine exhaasticles [Kittelson
1998]
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Figure 1.2 Typical particle composition for a heavy-duty diksngine tested in a heavy
duty transient cycle. [Kittelson 1998]
1.2.1 M echanism of Soot Formation in Diesel Engines
Diesel engines produce soot as a result of incamflel combustion. Ideally, complete
combustion in a cylinder would only produce carlavxide and water, but no engine is
100% efficient. The diesel combustion process iy vmplex due to its unsteady,
heterogeneous and turbulent nature. This complexitpkes a fundamental
understanding of the location, the timing and thecihanisms of pollutants formation a
real challenge. Among many reviews of diesel cortibusand pollutant formation
reported in the literature the work done by [Kamimand Kobayashi et al. 1991] is
especially succinct. In that study only the ess¢matures of diesel combustion related
to soot formation are summarized. Liquid fuel igeated just before the end of
compression into hot air, where it starts evapogatind mixing. After a short ignition
delay, premixed fuel-air auto-ignites and rapidthedease occurs. As more fuel is
injected combustion is then controlled by the wHtdiffusion of the air into the flame.
According to the original diesel combustion desaoip all fuel injected right after

the premix burn, would be exclusively consumed he diffusion flame. It was
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generally assumed that soot was exclusively formeke fuel-rich side of the diffusion

flame; where high temperatures prevailed and pdteitmolecule decomposition was
possible. The initial premixed burn was not congdeas a source of soot particles
because it was thought to be stoichiometric. A mibetter insight into the processes
involved in diesel combustion was gained by Dealet[1995] via optical studies.

Figure 1.3 shows a schematic diagram of quasi-gteadiing jet in a diesel engine
based on the findings from the in-cylinder laserasugements. Soot formation is

observed in the central region of the jet just detneam the liquid fuel spray.
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Figure 1.3 Schematic diagram of a steady burning jet on tlasisb of laser
measurements
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There are two major characteristics of this diesehbustion conceptual model that are

worth noting:

» The fuel goes through a two-stage oxidation proesss after the diffusion flame
establishes; the first is at the fuel-rich premixamhe just downstream the liquid
spray and the second at the diffusion flame inpgrgphery of the plume.

» Soot is formed in the fuel-rich premixed zone whierd-air equivalence ratio was
measured to range from 2 to 4; soot then growsencentre of the plume due to
surface growth before part of it being oxidizedha diffusion flame.

It is evident that understanding soot formationdiesel engines involves
studying the kinetics of the fuel-rich premixed egast downstream the liquid spray.
Therefore, this is focusing on using experimentad aomputational tools, in order to
gain some insight into the soot formation fundaralsntinder conditions similar to the
diesel engines operation. As mentioned above uairfinixture inside the combustion
chamber remains heterogeneous. At the moment didienjection, three regions can
be distinguished in the cylinder:

i) A region close to the injector, where the concidn of diesel fuel is relatively

high;

i)  The central region of the cylinder, where condisi@re close to the stoichiometric

ones;

i) The most separated region from the injector, whieeefuel concentration is low

[Banus et al. 2013].

If the generated turbulence is not enough in tfs¢ fegion, in the proximities of
fuel drops there would not be sufficient oxygerctonplete the fuel combustion. This
leads to the formation of soot, which constitutess tiypical black smoke observed from

diesel vehicles during high acceleration or whesytare cold. In contrast, in the third
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region, the oxygen excess and the very high temyeracause the appearance of
important N& quantities. In the intermediate region, the didégel/air ratio is close to
the stoichiometric one so that the combustion alpced under near ideal conditions.
Formation of PM involves four fundamental stepse@rand Svensson 2007] as
discussed below:

(i) Pyrolysis: High concentration of fuel at high temperaturesvpkes the fuel organic
compounds to alter their molecular structure tonfanolecules like ¢H,, benzene and
polycyclic aromatic hydrocarbons (PAHs) without refggant oxidation of the fuel.
However, some oxygen may be present in the striadfirthe formed species. The
molecules thus formed are called PM precursors.

(ii) Nucleation: The precursor molecules formed by pyrolysis areattemselves to
form nuclei of the PM primary patrticles.

(iii) Surface growing: Nucleated soot particle adds mass to its surfactorm the
primary particles.

(iv) Coalescence and agglomeration: Primary particles combine to produces
agglomerates, bigger in size than primary onesinguthis process, a wide range of

particles of varying size are formed. (Figure 1.4)

Precursors Nuclei PrimaryParicles  Agglomerates

Gy | ¢
Pyrolyms Nucleation . Coalescence'- --'nglnmeratmn ". ‘j

L — () —> i —e 0 —
~ 0 Qurface ".-'.'.','
PAH Growth

Figure 1.4 Formation of PM [Tree and Svensson 2007]
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PM is known to consist mostly of carbonaceous satt minor components of SOF
from unburned fuel, lubricating oil and inorganiengpounds such as ash and sulphur

compounds as shown in Figure 1.5.

Toxics
hetals

Secondary Sulfate and Mitrate

OrganicCarbon Compounds

Elemental Carbon Core

Figure 1.5 Typical structure of Soot

1.2.2 Classification of Diesel Soot

Primary particles are directly emitted into the asphere through diesel exhaust.
Secondary particles are formed usually by chemieattions of gaseous pollutants,
such as sulphur oxides and nitrogen oxides inteigaetith other compounds in the air
to form fine particles. These tiny bits of soot ¢eavel hundreds of miles downwind of
the original pollution sources. Soot particles tencategorized in the following four

sizes:

(1) Large particles >10 pm,

(2) Coarse particles 2.5-10 um (PM10),

(3) Fine particles 1.0 - 2.5 um (PM2.5), and

(4) Ultra-fine <1.0 um (PM1.0).
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The size of the particles also determines the timeg spend in the atmosphere.
While sedimentation and precipitation removes PNtbéh the atmosphere within few
hours of emission, PM2.5 may remain there for dayseven a few weeks.
Consequently, these particles can be transported lomg distances. The typical size

distribution of diesel particles is shown in Figuré.
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Figure 1.6 Schematic of mass and number based particle ghgbdtion from diesel
engines

1.2.3 Effects of Diesal Soot

1.2.3.1 Effect of Soot on Human Health

Many toxicological and epidemiological studies cate that exposure of diesel exhaust
have been linked with acute short term/long terobfams such as irritation of the eyes,
nose, and throat vomiting, light-headedness, hdegdeartburn, numbness, bronchitis,
chronic respiratory, cardiovascular, cardiopulmgnand allergic diseases such as
shortness of breath and painful breathing, canee premature death. Some
investigations indicate that particles can indudeeritable mutations [Pope et al. 2002].

Potential health impacts of PM, ozone and carbomaxide formed from diesel
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emissions on new-born children include birth defegrowth retardation and sudden
infant death syndrome.

Figure 1.7 shows transport of soot particles witkakth inside our body. Large
particles, PM10 deposit from the air into the ndlegat, and lungs, causing coughing
and irritating the throat, and are ejected fromhbdy through sneezing, coughing, and
nose blowing. Coarse particles (2.5-10um) inhalgd the windpipe and settle there,
causing more irritation and more coughing. Fine altch-fine soot particles (<2.5um,
PM2.5) the most successful at invading the bodingoemall enough and inhaled into
the deepest parts of the lungs where it is ablenter the bloodstream and even reach
the brain, [Zhu et al. 2007] can accumulate in fuyer time, obstructing oxygen

transfer to the blood and causing many health probl[Oberdorster et al. 2004].

3.3 - 4.7 Microns

2.1 -3.3 Microns

1.1 -2.1 Microns

0.6%-1.1 Microns

Figure 1.7 Transport of the PM with breath according to tis&e
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1.2.3.2 Effect of Soot on Vegetation

Particulate deposition and effects on vegetaticavaidably include nitrate and sulphate

and their associations in the form of acidic anddifeng deposition and Trace

elements and heavy metals [Grantza et al. 2003ho8pheric diesel DPM impact

agriculture productivity in a variety of ways:

(1) Reduction of solar radiation in turn reducptgtosynthesis,

(2) Settling of soot particles on the plants cémeld leaves from solar radiation
hindering photosynthesis,

(3) Soot deposition can increase acidity and calesg damage, and

(4) Reduction of rainfall by dimming induced byosolt causes all type of injury in

plants such as epinasty, nicrosis, chlorisisceision, flower dropping etc as

shown in figure. 1.8.

Figure 1.8 Effect of soot on vegetation

1.2.3.3 Effect of Soot on Water and Soil Pollution

Atmospheric deposition of air pollutants releaseanf diesel exhaust to ecosystems and
their components, such as forests, water bodigssaits, is another significant source

of contamination [Arimoto 1989]. Water and soil amtaminated indirectly by dry and
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wet deposition of diesel exhaust emitted to theoaphere. Wet deposition dominates
the transfer of airborne contaminants to the Eartluirface, but dry deposition may be
important in arid areas where ambient concentrataye high and rainfall is limited. In
urban areas, sedimentation of large particles ieemmportant than wet deposition and
dry gaseous and small particle deposition [Schretied. 1997]. Environmental effects
of atmospheric deposition have been studied foorg Iltime, but the mechanism is
poorly understood [Arimoto 1989]. Enhanced levdlatonospherically deposited nitric
and sulphuric acid (acid rain) adversely affecthialth of ecological systems, such as
agricultural crops, large water bodies, and forestsmoto [1989] concluded that
deposition is the dominant source for a varietgl®dmical contaminants in the lakes.
Atmospheric deposition provides most of the dissdlvnorganic and total

nitrogen in the nutrient load of the lakes andesponsible for water nitrification and
forest damage [Davis 2000] Atmospheric wet depmsito a high-elevation forest at
Whiteface Mountain, NY, was 12 times more efficiatttransferring nitrogen to the
forest canopy than was dry deposition [Miller et #93]. Heavy metals, PAHs, and
dioxins common to diesel exhaust can be transpdaeg distances as gases or PM.
They are often resistant to degradation and anedfani relatively high concentrations in
many rural and remote areas. Simcik et al. [1996] Wik and Renberg [1991] reported
higher atmospheric loading of PAHs in lake sedirmeimt Michigan and Sweden,
respectively. Schroder et al. [1997] reported that deposition accounted for 85% of
the total deposition of toxic materials in a tetm@s ecosystem. PAHs and dioxins have

also been detected in German forest canopy.
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1.2.3.4 Effect of Soot on Environment, Global War ming and Climate Change

Atmospheric soot envelopes most part of the gloitle adense layer of brown clouds.
A series of investigations [Ramanathan 2001] pdirtet that soot in air pollution
affects agriculture, water budget and climate atltcal, the regional and the global
level. Soot may cool or warm, depending on whetihds airborne or deposited.
Atmospheric soot aerosols directly absorb solaratamh, which heats the atmosphere
and cools the surface. Regionally (but not globhalgs much as 50% of surface
warming due to greenhouse gases may be maskednog@teric brown cloud (ABCs)
[Lahaye et al.1996]. The soot settling on glacmrsce in arctic region absorbs solar
heat directly contribute to melting of Himalayaragkrs [Kulkarni et al. 2005] and
causing ice to melt. This can lead flooding, fis@vater level of sea. Many low lying
areas near cost will get submerged with water. atheospheric solar heating by soot,
next to carbon dioxide, is the major contributoigtobal warming [Roberts and Jones
2004]. The effect of global warming and climate i@ are now evident from
observations of widespread melting of snow andhgif average sea level as well as
record breaking localized rainfall, snowfall andoulght affected areas around the
globe. It is emphasized that the global environmlendamage caused
thermodynamically is more alarming to life on tteeth than the risk of other problems.
Such catastrophe examples indicate the risks wilabger in the future. Some localized

effects of global warming and climate change amshin figure 1.9.

Global dimming, a gradual reduction in the amounglobal direct irradiance at
the Earth's surface, has partially counteractethaylovarming from 1960. The main
cause of this dimming is aerosols produced by valea and pollutants. These aerosols

exert a cooling effect by increasing the reflectadimncoming sunlight.
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Figure 1.9 Localized effects of soot emission on environment

James Hansen and colleagues [2000] have propoaethéheffects of the products of
fossil fuel combustion-C®and aerosols-have largely offset one anotherdamedecades,
so that net warming has been driven mainly by n@a-@reenhouse gases.The influences
of aerosols, including soot, are most pronouncettiéntropics and sub-tropics, particularly
in Asia, while the effects of greenhouse gases daminant in the extra-tropics and
southern hemisphere. Clouds modified by pollutiaaveh been shown to produce less
drizzle, making the cloud brighter and more reflexto incoming sunlight, especially in
the near-infrared part of the spectrum [Albrecr84]9

1.2.3.5 Effect of Soot on Visibility

Visibility degradation (or haze) is caused by bgttimary and secondary particles
emissions. It is measured as the light extinctieeffoccient, which is the natural

logarithm of the fractional reduction of light tsmission per unit distance, usually
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expressed as Min(inverse meg-meters) [Pitchford and Malrh994]. Light extinction
consists of scattering and absorption by gasegpartetles[Watson and Cho 1994].
Clean air scatters light with ~12 N* at sea level, and NQs the only gaseol
pollutant that appreciably absorbs light. Partlgiat scattering depends on the parti
size distribution, which can shift as hygroscopmemical species absorb water w
increasing humidityAnsari and Pand 2000]. Light absorjon is mostly due to ABC

Visibility reduction causes accidents on the rc
1.2.3.6 Effect of Soot on Materials

The deposition of airborne soot on the surfacelsudtlings, tunnels, highway bridge
and monuments of historical importance like Mahal in India(figure 1.10 can cause
damage and soiling, ventilation system blackenthgs reducing the useful life al
aesthetic appeal of such structures. Diesel exhmuiists up in tunnels and undergrot
garages where [Hfadel ancHashisho 2000] it iglifficult to remove. Soot promott
metal corrosion Riedere 1974]. Many metals form a film that protects agai
corrosion however high concentrations of anthropagepollutants lessen tt

effectiveness of the protective fil

Figure 1.10 Effectof soot emissic on monuments
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1.3 Diesdl Engine Emissions and L egidations

A major environmental problem associated with diesegines, especially diesel
powered vehicles are the harmful emissions of pynpallutants PM, N, SOk, CO
and Hydrocarbons [Kagawa 2002]. Diesel engines gnaater amounts of NOand
PM than equivalent petrol engines per unit of poagtput. Table 1.1 shows the detall
concentration of all the components emitted frorasdi exhaust however it varies
depending on engine design, operating conditiowling/ accelerating/ cruising/
decelerating), fuel composition and age of the reew)i

Table 1.1 Typical diesel exhaust composition [Jelles 1999]

Component Concentration
CO 100-10000 ppm
HC (C)1) 50-500 ppm,
NOXx 30-1000 ppm
SOx Proportional to fuel S content
DPM 20-200mg/m
CO, 2-12 vol%
Ammonia 2.0 mg/mile
Cyanides 1.0 mg/mile
Benzene 6.0 mg/mile
Toluene 2.0 mg/mile
PAH 0.3 mg/mile

Primary pollutants react with hydrocarbons and othemospheric constituents in
presence of sunlight forming toxic secondary palii$ such as ozone, peroxyacetyl
nitrate (PAN), smog, etdue to harmful effects of primary and secondaryytahts
the international legislation from the early 80’ashacknowledged the problem and
posed limits on these emissions. The standards theveetail limits to diesel engine
emissions as shown in table 1.2. It reflects thadeveloped countries lowering of the
PM emissions of the order of 80%, with progres$tueo standard from 1992 to 2014

for light duty vehicles (LDV) as Euro 1 - 6 and lagaluty vehicles (HDV) as Euro | -
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VI. While in developing countries including India, BS Equivalent to EURO IV
norms is operative even today.

Table 1.2 Euro emission standards for diesel vehicles

(A)  Diesdl car [g/km]

Standard Y ear HC +NOx NOx CO PM
EURO 1 1992 0.97 - 2.72 0.14
EURO 2 1996 0.70 - 1.00 0.10
EURO 3 2000 0.56 0.50 0.64 0.05
EURO 4 2005 0.30 0.25 0.50 0.025
EURO 5 2009 0.23 0.18 0.50 0.005
EURO 6 2014 0.17 0.08 0.50 0.005
(B) Light duty trucks [g/km]
Class Standard Year HC+ NOx CO PM
NOx
EURO 1 | 1994 0.97 -12.7210.14
EURO 2 | 1998 0.7 -11.0 | 0.08
<1305kg) EURO 3 | 2000 0.56| 0.50 0.64€.05

EURO 4 | 2005 0.30| 0.25 0.51®.025
EURO 5 | 2009 0.23 | 0.18 | 0.50| 0.005
EURO 6 | 2014 0.17 | 0.08 | 0.50| 0.005

EURO 3 | 2001 0.72| 0.65 0.8®.07
EURO 4 | 2006 0.39| 0.33 0.63.04
(1305-1760kg) EURO 5 | 2010 0.295| 0.235| 0.63| 0.005
EURO 6 | 2015 0.195| 0.105| 0.63| 0.005

EURO 1 | 1994 1.70 - 16.90| 0.25
EURO 2 | 1998 1.2 - 115 |0.17
(>1760kg) EURO 3 | 2001 0.86 | 0.78 | 0.95| 0.10

EURO 4 | 2006 0.46 | 0.39 | 0.74| 0.06
EURO 5 | 2010 0.350( 0.28 | 0.74| 0.005
EURO 6 | 2015 0.215] 0.125| 0.74| 0.005

(C) Heavy duty diesd trucks[g/kwh]

Standard Y ear HC NOx CO PM
EURO | 1992 1.1 8.0 45 0.61
(<85kw)
1992 1.1 8.0 45 0.36
(>85kw)
EURO II 1996 1.1 7.0 40 0.25
1998 1.1 7.0 40 0.15
EURO llI 2000 0.66 5.0 21 0.10
EURO IV 2005 0.46 35 1.5 0.02
EURO V 2008 046 2.0 1.5 0.02
EURQOVI 2013 0.13 04 1.5 0.01
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Indian government has also imposed various norndssatup Bharat Stage emission
standard (BS) to regulate the output of air pofitgafrom internal combustion engine
machineries, including motor vehicles. Table 1.®veh the Bharat Stage emission
standards for diesel vehicles. Since April 2010afh stage Il emission norms have
been enforced across the country and Bharat Stagslivalent to EURO IV have

been in place in 13 major cities at present. Thodia is lagging behind developed

countries where EURO IV has been implemented sfegember 2014.

Table 1.3 Bharat Stage emission standards for diesel vehicle

Standard Reference Date Region
India 2000 Euro 1 2000 Nationwide
Bharat Stage I Euro 2 2001 NCR*, Mumbai, Kolkata, Chennai

April 2003 NCR*, 11 Citiest

April 2005 Nationwide
Bharat Stage Il Euro 3 April 2005 NCR*, 11 Citiest

April 2010 Nationwide
Bharat Stage IV Euro 4 April 2010 NCR*, 13 Citiest

* National Capital Region (Delhi)
T Mumbai, Kolkata, Chennai, Bamya| Hyderabad, Secunderabad, Ahmedabad, Pune,
Surat, Kanpur and Agra
¥ Above cities plus Solapur andknow. The program was later expanded with theafim
including 50 additional cities by March 2015.
The PM and NQ® are the major pollutants emitted from the diesejimm These
pollutants are controlled from the exhaust by twbrely opposite technologies i.e. PM
by catalytic oxidation in DPF whereas, K@y selective catalytic reduction (SCR) as

shown in figure 1.11. The present work is dedicatedbatement of PM by catalytic

oxidation. N& control is beyond the scope of the present study.
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Figure 1.11 Overall pollutioncontrol units in a typical diesel engieghaust pip

1.4 Diesdl Soot Abatement Technologies

Nowadays the focus for the reduction of harmfulsdieemissions is mainly ¢
particulate matter (PM) and M. Hydrocarbons and carbon monoxide can be rem
by use of wall flow oxidation catalystFurthermore, the S©Oconcentration of th
exhaust gas is directly proportional to sulphurcontent of the fuel and thus it could
removed with measures durirhe fuel distillation processe8ccording to EURO 6/IV
norms the sulphur content of diesel in developeghtrees is 10 ppi, while in India
diesel contains 50 ppm of sulphur at pre. The most appropriate technology the
soot abatement is DP& shown in figure 1.12. Controllingrimary pollutants at the

source of generatioavoid formation of secondary pollutants in atmosphel.
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Figure 1.12 Schematic diagra of DPF

1.4.1 Diesel Oxidation Catalyst (DOC)

A diesel oxidation catalyst (DOC) a flow through device that of stainless ste
canister containing honeycomb structure called a substrate or catalysport. The
substrate has a large surface area that is coatecdiwactive catalyst layer. This lay
contains a small, well disgsed amount of precious metals such as platinur
palladium. As the exhaust gases traverse the esatatarbon monoxide, gasec
hydrocarbons and liquid hydrocarl plus lubricating oil associated wiglarticulates as
SOF are oxidized as well &0 is converted to Ngbeing highly active than molecul
oxygen of air,is needed for downstreaoxidation of sootthereby reducing harmfi

emissions equation (1.1 to4).

CO + 1/20, —  CO, (1.1)
HC + 0, —  CO,+H0 (1.2)
[PM]soF + Oz —>  CO,+H0+PM (1.3)
NO + 1/20, —  NO; (1.4)
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About 30 per-cent of the total particulate mattBM] mass of diesel exhaust is
attributed to liquid hydrocarbons, or SOF [httpww.arb.ca.gov/regact/2010/
res2010/res10isor.pdf]. Under certain operatingddams, DOCs have achieved SOF
removal efficiencies of 80 to 90% [http://www.ard.gov/diesel/documents/rrpapp9
.PDF]. As a result, the reduction in overall PM ssions from DOC is often cited at 20
to 50% (table 1.4). Actual emission reductions nvayy depending on operating
conditions of the engine. The DOC can also be ®ffecin generating sufficient

exothermic heat over a catalyst which favors tlyemeration of soot from a particulate
filter as will be discussed in subsequent sectidingurel.13 systematically shows the

functions of DOC.

CO,
NOX/NO,
Water
PM _
NOXx DOC Control Capabilities
co PM 20 to 40% Reduction
HC CO > 40%

HC > 50%

Figure 1.13 Diesel oxidation catalyst

Table 1.4 Typical Filtration Efficiency of Diesel oxidationatalysts [Source: DCL
International Inc.]

Pollutants Efficiency
NOx Nil

CO >90%

HC 80-90%
Aldehydes (odour causing) 70-90%
PM10 20-50%

* Less than 50 ppm sulphur in diesel fuel is regdifor PM10 conversion
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1.4.2 Diesdl Particulate Filter (DPF)

As the name implies, diesel particulate filters o particulate matter in diesel
exhaust by filtering exhaust from the engine. Thesel particulate filters are usually
made of either cordierite (2MgO-2403-5Si0,) or silicon carbide (SiC) as shown in
figure 1.14. The figure shows the PM trapping ppte and main reactions of a
catalyst-coated DPF. The device is generally postil in the exhaust stream of a diesel
vehicle. DPF system mechanically filters and caediete particulate matter from the
exhaust gas. As the accumulated soot in the filtereases, the backpressure will
progressively increase the fuel consumption andhenend, stop the engine if the soot
is not frequently or constantly removed by comlmrstreactions. To prevent these
negative effects, the DPF have to be regeneratexidyzing (i.e. burning) trapped PM.
Thus, it is necessary to regenerate the trap byimgiof soot. The main hurdle in the
regeneration of DPF is soot kindling temperature60® °C) which is not regularly

achieved at vehicle exhaust conditions.

Trapped PM
Plugged

||‘ Cells
M
Cco
HCs | ‘ CO;
PAHs : H:0
50; 50;
NO NO

Figure 1.14 Diesel particulate filter
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1.4.2.1 Regeneration of DPF

There are two basic approaches to burn the trappedfFarrauto & Voss, 1996, Neeft

et al.1996]:

1) Periodic thermal combustion of the trapped $yoincreasing temperature above 800
the process is known astive regeneration.

2) Continuous self-regeneration of trap, by lowgrthe combustion temperature of soot
within the typical range of diesel exhaust usingatle catalyst deposited on the DPF,
the process is known gassive regeneration.

() Active regeneration

Thermal combustion aactive regeneration is achieved either by applyiage or by

electrical heating as shown in figure 1.15. Actregeneration is not favoured as it

would increase the local temperature as high ag8°C2[Badani et al. 1996] and it may

cause microcracks, which reduce filter durabil®hpo et al. 2000].

(@)
Diesel Exhaust
—» _ >
—P Soot L
—p Free —»
—» DPF Exhaust }—p
l T, P Sensors |
Electical Heater
(b)
Diesel Exhaust
.—-’ ——’
—» Soot L
—p Free >
—» DPF Exhaust }—p
1
7 | T, P Sensors
Fuel Burner

Figure 1.15 Active Regeneration of DPF (a) eletrical heatie) fgel burner
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(ii) Passive regeneration

In passive regeneration of DPF, the soot is ogmlliput of the filter by an ongoing
catalytic reaction process that uses no additifurgll Continuous self-regeneration of
DPF occurs at the exhaust gas temperature, byytatalombustion promoted by
depositing suitable catalysts within the trap fts€he entire process is very simple,
quiet, effective and fuel efficient. A passive regeted system can reduce PM by 90%.
The major challenge lies in finding catalysts cdpalf decreasing the soot combustion
temperature from 60C to the temperatures normally reached at diedehuests (150-
450C) [Fino et al. 2006]. Most of the catalysts usedhia international markets are
noble metal based (Pt, Pd), which are expensivedaado a low abundance vulnerable
to further price increases upon increasing demadriterefore, the searches for catalysts
free of or low in noble metals are of global impmdte. The objectives of the present
work are in the same direction. Figure 1.16 pietdri shows passive regeneration

systems.

Diesel Exhaust

Catalytic Soot

Free

DPF Exhaust

i T, P Sensors 1

Figure 1.16 Passive regeneration of DPF

1222

227!

Some diesel particulate filters use a “passive’raggh, and do not require an external
or active control system to dispose of the accutadlaoot. Passive filters are installed
in place of the muffler. At the start of the engatdow temperature PM is collected on

the filter. As the engine exhaust temperature mmes, the collected material is burned
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or oxidized by the exhaust gas, thus cleansingegeherating” the filter continuously.

To ensure filter regeneration, various strategi@s ¢ombinations) are used.

Regeneration methods include:

» Coating the filter substrate with PGM or free frddGM, thereby reducing the
temperature needed for oxidation of the dieseiqddte matter;

» Installing a catalyst (DOC) upstream of the filtecreases the exhaust temperature
which helps to burn off the particulates;

» Using fuel-borne catalysts to reduce the burn-efhperature of the collected
particulates. This system uses air to burn thearaib the filter. An additive is
dosed into the fuel and passes through the engibe tleposited on the filter. This

additive reduces the temperature at which the cavblb react with the air.

Plasma regeneration system is a more advancedvsysigable to reduce diesel
particulate matter attaining low oxidation temperas. The oxidation behaviour of soot
in air that have been ionised by an electric dnerthal plasma) at temperatures in the
range from 200 to 45Q was investigated by Levendis [Levendis and Laf@90]. It
was found that the oxidation rate might increaseentban 100%. This is attributed to
some reactive species generated in plasma, su¢h asd OH radicals or NOthat

facilitate the oxidation of soot particles at loswtperatures.

Tablel.5 Typical Filtration Efficiency of Diesel Particulat&ilters (PM Mass)
[Germany BMA 2001], [US non-coal mines MSHA 2001]

Pollutants Removal efficiency
Elemental carbon 95 -99.9%
Organic fraction (SOF) 50 - 90%
Sulphate particulates No filtration
Total PM 70 - 95%
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Table 1.5 describe the Typical Filtration Efficignaf Diesel Particulate Filters. There
are varieties of diesel particulate filter techrgds used as described below. Each is
designed around similar requirements listed below:

* Fine filtration

e Minimum pressure drop

Low cost

Mass production suitability

Product durability

1.4.3 Flow through Filter (FTF)

The FTFs are a relatively new technology for redgaiesel PM emissions. Wall flow
filters are highly effective and can filter 99% tbfe particulate matter [Locker et al.
2004]. Unlike a DPF, in which only gases can passugh the filter components-the
FTF does not physically "trap” and accumulate Peh[® et al. 2009]. Instead, exhaust
flows through a medium (such as wire mesh) thatahlaigh density of interrupted flow
channels, thus giving rise to turbulent flow comis. The filtration efficiency of an
FTF is lower than that of a DPF, but the FTF is muess likely to clog under
unfavourable conditions (e.g. high PM emissionsy lexhaust temperatures and
emergency circumstances). The flow pattern of eshgases in wall flow monolith is

shown in figure 1.17.

Figure 1.17 Flow pattern in wall flow monolith
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1.4.4 Wash Coated Filter

The alumina WaslGoated filters Catalysedceramic traps) were developed in the e

80’s. Their first applications included diesel poee cars and, lat¢ underground
mining machineryshown in figure 1.1. Catalysedilters were commercially iroduced
for Mercedes cars sold in California in 1985. Thainmcomponent of the filter is ti
ceramic (cordierite, SiC) wiflow monolith. Alumina wash coating increases 1
surface area ohe porous walls of the monol, which areimpregnate with an active
catalyst. Many materials active in soot oxidati@tatysts have been studied over

last20 years as coating of a particulate filter. Maiokydes of base metals (Ba, Ca,
Co, Cr, Cu, Fe, La, Mn, V) and noble metals (Pd,aBtwellas mixtures of base al

noble metals.

G

hat
Ceramic Substrate

Figure 1.18 Wash Coated Filt

The main drawback of these systems is toor contact between the cataly
coating and theoot particles. The distance is too high to enfaatalytic action. Onl

the particulates that are in direct contact with tatalytic coating are able to oxidi.
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Another problem of catalysed filters is the generabf oxides by catalytic oxidation of
the exhaust SOto SQ, at high exhaust temperatures. The gaseousc80 penetrate
the porous walls and freely leave the filter. Comiriig with water and reacting with
other materials, it forms sulphate particulatest thmcrease the total PM output
especially in case of fuels with high sulphur comt& oyota introduced for the first time
a wash-coated filter system (redesigned Avensiginbeng of 2004 in the United
Kingdom and Germany), with the Diesel Particulat®xNreduction (DPNR). The
Automotive Catalyst Division of Umicore (formerlyeussa/dmc?/OMG), has also
developed a new catalyst technology for wash coditesel particulate filters [Gieshoff
et al. 2001]. These systems will initially be ugedaimler Chrysler’'s C-Class and E-
class models with 4-cylinder diesel engines, to gigrwith the 2005 EU IV legislation.
The active regeneration strategy for catalyticaltivated diesel particulate filters,
developed jointly with Daimler Chrysler, makes ibsgible to guarantee filter
regeneration without extra additives. Recently, Y\di has also announced the
introduction of catalysed DPF systems in large <lagehicle models [http:
[Iwww.dieselnet.com/news/0311vw.html].

1.4.5 Partial-Flow Filters

Partial-flow filters (Figure 1.19) are available various materials from fibre-based to
metallic. The metallic partial flow filter uses pexial perforated metal foil substrate
with a metal 'fleece’ layer so that the exhaustflgasis diverted into adjacent channels
and the particles are temporarily retained in theede before being burnt by a
continuous reaction with N{@enerated by an oxidation catalyst located upstiaatine
exhaust. The advantages [Babu et al. 2009] ofgdditiw filters are: no back pressure
builds up as this is an open system, no extereakreinic control unit is required, fuel

penalty is nil, and regeneration is passive, cowrs and maintenance free. Partial
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Flow Filters control capabilities are as followsPM 30-85% on gravimetric basis and

approximately 90% on nano particles, HC and CO>50%.

Engine L
Exhaust

Filter Surface made of Sintered Metal

- L= - _ —
.

Cleaned
Exhaust

Figure 1.19 Partial flow diesel particulate filter

1.4.6 Continuously Regenerating Trap (CRT)

The CRT particulate filter is emission control teology that uses a patented process

that functions on the basis that soot will oxidimethe presence of NQat a lower

temperature than with oxygen. In fact, this lowemperature is compatible with the

typical exhaust temperature from diesel engine® (b 400 °C). It is modularly

engineered as a totally passive emission contsikegay, which does not require the use

of supplemental heat. As presented in Figure X#Omain parts of the CRT filter are a

Platinum catalyst and a particulate filter.
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Ciitlat
Bastion

Filter
Bection

Cathlyst
Belion

Haijeyiamb Walk-NMirw
Catabval Flitm

Figure 1.20 CRT filter system

The device is made up of two chambers where thdatiwn step (DOC) is separate
from the soot collection/combustion process. TheCDfntains a substrate coated with
highly active Pt oxidation catalyst which oxidizegortion of the NO in the exhaust to
NO, which is the key to the oxidation of soot coleztby the CRT filter. In the second
chamber, the exhaust flows through a DPF, whereaqgsscomponents pass through but
soot is trapped on the walls of the filter. Theppad soot then is oxidised by the NO
produced by the DOC. The DPF may be uncoatedroait be coated with Pt to further

enhance the reaction of soot with NO
1.5 Catalystsused in DPF

The catalysts used at present for soot oxidatierbased on supported platinum group
metals (PGM) [Uchisawa et al. 2003a, Uchisawa eR@D3b, Hinot et al. 2007]. The
noble metal catalysts are expensive and due to $icarcity to further price increase
upon increasing demand. As an alternative to not#&als, oxides of transition metal,
lanthanide group and alkaline earth metal are wideldied for soot oxidation [Shan et
al. 2010, Jian et al. 2010, Shimizu et al. 2010shHva and Prasad 2014]. Neeft et al.

[1996] arranged few single-component metal oxidwstlieir relative activities in the
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oxidation of carbonaceous material in following@rdLa > Mn > Sb > Bi > Ca > Cu >
Ag > Ni > Cr > Z r> Ba > Zn. Various types of muitbmponent catalysts such as
perovskite-type oxides [Teraoka et al. 2011, Penh@le2007], spinel type oxides
[Shangguan et al. 1998, Fino et al. 2008, Zawaeizki. 2011] rare earth metal oxides,
hydrotalcite [Wang et al. 2012, Dai et al. 2012,eftial. 2009] mixed transient metal
oxides [Liu et al. 2005, Zhu et al. 2005, Tikhomviret al. 2006] and other catalysts are
reported in the literature for diesel soot comhmrstiThe thermal stability of perovskite
catalysts is very high in comparing to other typésatalysts including noble metals.
The stability of the catalyst is highly desiralilecomparison to the catalyst having very
high initial activity but less stability. So, pexkite seems to be the potential candidate
for this application, due to their thermal stalpilitailoring capabilities to design the
catalyst for soot oxidation and low-cost [Seiyan®®3]. Many papers related to soot
oxidation over perovskite catalysts have been phbll but no review paper appears in

the literature solely dedicated to soot oxidation.

1.6 Catalyst Design Parameters

For catalyst design purposes it is first necessarranslate the catalyst performance
parameters into a physical picture of catalystcsétme. As one can see, different
performance parameters give rise to different stimat features and so a compromise is
generally requirefKemball and Dowden 1981]. For example it is comigdound in
industrial applications that initial catalyst adiyv may be sacrificed in favour of
improved catalyst stability, since a lower activatlyd a prolonged operating catalyst life
is in general preferable to a higher initial adgivihat decays rapidly. Therefore, first it
should be discussed some of the relationships leetwbe catalyst performance

parameters and physical structure.
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(i) Activity

In general activity arises from maximizing both ttiepersion and availability of the
active catalytic material. Ideally, from an actwitiewpoint, the catalyst material should
be highly dispersed throughout on the external e & internal pore surfaces of the
support. However, there is an inherent conflichigh concentrations of active material
become progressively more difficult to dispersedArson et al. 1979].

(i) Stability

By stability it is referred to the loss in activityith time [Kemball and Dowden 1981].
This is due to one or several of four main cauBmding of the active surface with in-
volatile reaction by-products, sintering or crysg@owth of the active material,
poisoning of the active surface by feed impuritiasd blockage of the support pore
structure.

(iii) Selectivity

Catalyst selectivity can change due either to maysor chemical reasons. For
sequential reactions diffusivity and mass transgiodugh the pore structure can lead to
apparent loss in selectivity in the formation demnediate products. Location of active
ingredients and pore-size distributions are theeefigain of importance. Changes in
selectivity can also arise from changes in intanshemical activity of the active
component. Typically this can be affected by usmolfti-component catalysts in which
case, as it can be seen earlier for stability im@neent, the location of the difference
components ideally should be the same. A speciample of this type of selectivity
arises in the case of multifunctional catalystswinich a hydrogenation function is
combined with an acid function. Since the latteygcally provided by the support and
the former by the impregnated material, a unifompriegnation is required [Kemball

and Dowden 1981].
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(iv) Regenerability

Regenerability refers to the reactivation of a lyata which typically will involve air
combustion of carbonaceous deposits followed inesoases by a re-dispersion of the
active components. From the catalyst design viemtpthis will generally imply
enhanced thermal-hydrothermal stability of the suppself, combined with stability of
the active components under the high temperatuidizoxg environments required for
the oxidation of the deactivating carbonaceous si¢gdt is now generally recognized
that many metals sinter more readily under oxidjzoonditions and in extreme cases
may even dissolve in the underlying support andimeceffectively removed from the
reaction system. A further complication arises wmthlti-component catalysts in which
the combination ratio is all important, since sgombinations frequently are destroyed
under oxidizing conditions [Argyle and Bartholom2@15].

(v) Reclaimability

Reclamation stands for the recovery or restorabbnseful substance from the spent
catalyst. Emission control catalysts are precioustaimcatalysts (except for SCR
catalyst). Depending upon the manufacturer anctétalyst type, these catalysts could
contain one or more of the PGM: platinum, palladiand rhodium. At the end of the
catalyst's service life, these precious metalsbeareclaimed and recovered. The service
life is reached when the catalyst can no longereaehthe required performance, even
after chemical washing and regeneration. Flow diagiof catalyst Reclamation is

shown in figure 1.21.
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[ Spent Catalyst J__,[ Crushing ]__,[ Washing

[ Leached Solution ]4—[ Leaching
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Figure 1.21 Flow diagram of catalyst Reclamation
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1.7 Objectives of the Present Work

So far, the introductory discussions summarize tthexte is urgent requirement of a cost

effective, active, selective and stable catalysttie self-regenerative passive DPF. The

work is motivated and performed with the followifupdamental objectives:

> To scan the literature on the topic and write aew\paper for publication.

> To develop a PGM free low cost and sturdy peroeskatalysts for oxidation of

diesel soot.

> To optimize formulation of the catalysts and sugadalcination strategies.

> To compare the best screened PGM free perovskagysawith PGM catalyst.

> To study the effect of catalyst aging, catalysroépcibility, catalyst - soot ratio
and catalyst-soot contacts for diesel soot oxidatio

> To characterize the catalysts by low temperatugesdption, particle size
analysis, X-ray diffraction, FTIR, XPS and SEM-EDX.

> To study the kinetics of catalytic oxidation of scmver the best screened
perovskite catalyst.

1.8 Plan of Work

A brief outline of the research work carried ousisnmarized as follows:
> Preparation of real diesel soot in thelaboratory.
> Design and synthesis of following catalysts:
« LaCoQ, LaFeQ, LaNiOsand LaZnOy perovskite oxides catalysts.
* Single (Sr-) substituted LaC@erovskite oxides catalysts.
* Pd- substituted LaCa@erovskite oxides catalysts.
e Double Substituted (La by Sr and Co by (Cu, F¢), iN LaCoQ; perovskite

oxides.
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> Characterization of Diesel soot and catalyst samples:

Textural characterization including BET surfaceaa pore volume, pore size
and pore size distribution.

» Spectral characterization by FTIR and XPS.

» X-Ray Diffraction analysis.

» Structural conformation of synthesized sampleSB-EDX.
> Catalytic performance evaluation for diesel soot oxidation
Activity evaluation of all the catalyst samples fwot oxidation has been performed in
a fixed bed tubular Reactor. The effluent gasesewamnalysed by an online GC.
Experiments were conducted under various operatipgrameters. Catalyst
reproducibility, catalyst - soot ratio, catalysbsacontacts and thermal stability of
catalysts for diesel soot oxidation were also exaahi
> Kinetics study of diesel soot oxidation
The kinetics of catalysed soot oxidation with airlaboratory has been studied under
isothermal conditions in a specially designed skat¢h reactor over the best screened

perovskite catalyst.
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