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ABSTRACT

The wish of all concerned with air pollution is to have a completely unpolluted

environmentat no cost to anyone. That appears to be impossible, so our logical goal is
to have an appropriately clean environment, obtained at an appropriate cost. The main
objective of this research was to control the most annoying air pollutant (soot),

emitting from fossil fuel combustion sources, through catalysis. To meet the future

soot and other pollutants regulations it is necessary to develop such catalyst systems
with the help of whichan efficient removal of soot will be possible.

In the present work an environmentally friendly; noble metal free oxidation

catalyst Fe,O; was search out. For the catalytic soot oxidation first Fe,O; was

characterized by surface area measurement, scanning electron microscopy, and powder

X-ray diffraction analysis. The synthesized catalyst was tested for the diesel model

exhaust gas using temperature programmed oxidation technique. In this research a

particular emphasis was given to the catalytic oxidation of soot on iron oxide.

The diesel model soot was prepared by burning a lean C3H¢/O, mixture in a

diffusion flame and is subsequently collected with a sinter metal filter. The propene

soot as well as other carbon samples (graphite, printex, and activated charcoal) were

characterized by surface area measurement, scanning electron microscopy, Fourier
transform infrared

=

spectroscopy,

_

temperature programmed

__

desorption,
thermogravimatry, and powder X-ray diffraction analysis.

The investigation was carried out by using temperature programmed oxidation.
The TPO performance in the presence of FeO; with 6, 12, 18, and 20 vol.-% O; leads
to a stronger increase in soot oxidation, than the absence of catalyst.

FTIR spectroscopy was used for the identification ofdifferent surface groups on
the soot surface. Different types of surface groups were identified including carbonyl,
lactone, aldehyde, carboxylic, ether, etc.

Thermo-gravimetric technique was used for the comparison of TPO results
from gas flow reactor as well as for the kinetics of soot oxidation. Five different
carbon materials (propene soot, printex 1, printex u, graphite, and activated charcoal)
were used along this thesis. The kinetic of each source were first investigated in TGA

 

 



 

device. The propene soot which was produced in laboratory exhibits the closest
structure and composition to the diesel soot. But all soot sources were found to have
reasonably similar composition, structure, and thermal behaviour to diesel soot.

XRD and SEM analysis were confirmed the rhombohedrally centred hexagonal
structure ofhematite (Fe,O;).

 
 



CHAPTER -1

INTRODUCTION

1.1. General

Combustion offossil sources of energy in industry, automobiles and households
increase the load of air pollutants on the environment as ever. Huge amounts of
pollutants are emitted daily with the effluents evolving from these processes producing
solid, liquid and gaseous wastes. Especially, the current environmental pollution
produced by diesel exhaustgas is a serious problem, andthe situation is getting even
worse.

Since the invention of the diesel engine in 1893 its application has become very
widely spread over the world. The main reasons for its popularity are the following.

° the combustionefficiency loss is reduced (higher fuel economy).

e the amount of expansion struck extracted is greater due to the high
compressionratio and the operation with the lean-fuel mixtures.

© the pumping work at thepartial load is essentially estimated,

low maintenance requirements,

° high durability

The diesel engines are inherently cleaner than the petrol engines and the
exhaust temperature is relatively much lower. Due to the high efficiency of diesel
engines, the sale of diesel automobiles has been increased significantly since mid 90’s
(dieselnet.com, 2009). In western Europe, the percentage of diesel Passenger cars
increased from 14% in 1990 to 32% in 2000 and further to 46% in 2004 (Panorama.,
2005). Although diesel fuel is beneficial to reduction of petrol consumption through
the higher fuel efficiency, but it contributes to another environmental problem, the
diesel soot and nitrogen oxides. The genotoxic effect of diesel exhaust gases or of
specific compounds occurring therein, a distinction can be made between in vitro and
in vivo types. In vitro studies subject bacteria (the Ames-test) or the mammals or the

 

 



extract of the diesel particulates and in vivo studies expose live animals (rats, mice,

and hamsters)to the diesel exhaust gases.

Winter smog is formed during episodes of quite and cold weather, due to
increased burning offossil fuels for heating or power supply purposes, combined with
slow discharge of pollutants in the stagnant atmosphere. Large concentration of
particulates and SO, occur, which cause all kind of respiratory problems, notably to
the people with decreased resistance. In a limited number of extreme winter smog
episodes, mortality increased statistically.

Diesel soot is hazardous to human health dueto its potential mutagenic and
carcinogenic activity. Because of the small size ofits particles, it can penetrate into the
lungs (Oberdoerster., 2004). In addition to a possible effect on the lung cancer, diesel
particulates are also suspected of increasing bladder cancer.

Besides having adverse effects on human and animal health, diesel exhaust
gases have other undesired properties. Diesel particulate contribute significantly to the
soiling of buildings, as the ‘blackness’ (light absorption properties) of the diesel
particulates, which, in environmental studies are often denoted as ‘black smoke’ is
muchhigherthan the blackness ofthe other fine particles.

In the early seventies, automotive exhaust emission regulations were introduced
in both Europe and USA.These first standards applied to the light duty vehicles, a
general term for the passenger cars. These standards, expressed in grams of the
regulated compoundper mile were so lenient that passenger cars can easily fulfil them.

Governmentlegislations for the permissible diesel exhaust emission levels are
being tightened because this emission is being linked to the number of respiratory
problems. The parliament of the European Union has issued stricter emission standards
for diesel engines of heavy duty commercial vehicles.

Theuse of alternatives for gasoline and diesel fuel has been extensively studied.
Motives are multiple, and include the surplus agricultural area of Europe, a recycle of
carbon in an attempt to diminish the emission ofgreenhouse gas CO) and a decrease of
emission oflegislated compounds.Diesel engines can run on the large variety of fuels.
Attention has been paid in particular to ‘normal’ diesel fuels with a modified  



 

    

composition to “bio fuels’ (vegetable oil and ethanol) and to compressed natural gas
(CNG) and methanol. Alternative fuels can be used as pure or mixed with normal
diesel fuel.

Many mechanistic models for describing speciation and soot formation in
flames are available (Frenklach., 1996). Acetylene and polyaromatic hydrocarbon
(PAHs) appear to supply the bulk of the carbon later incorporated into the soot
spherules. (Krestinin et al., 2000) postulates that polyynes (C2,H>, n = 2, 3...) are the
major precursor radicals, partly because their stability increases with temperature.
With solid fuels, e.g. coal, soot is formed by the pyrolysis oftarry materials ejected by
particles undergoing devolatilisation. The droplets hydrogenate and/or partially oxidise
into chains of soot spherules. Most are burned before exiting the flame region, but a
significant residual can be found in the flyash of low NO, burners (Veranth et al.,

2000).

Soot from various sources, i.e. from different fuels and combustion conditions
tend to be similar in size and composition, which indicates that the same formation
processes and growth constraints apply. This has encouraged researchers to produce
soot for study in simple laboratory combustors (Lahaye et al., 1996) or to use
commercial carbon black as a surrogate (Marcucilli et al., 1994; Neeft et al., 1997).

Oneofthe options to removesoot from the diesel exhaust gases is the use of a
filter in combination with catalysts to increase the oxidation activity of the collected
soot. Soot can then be oxidized at lower temperature. Soot oxidation catalyst can be
applied in three different ways: (i) as a precursor compound, soluble in diesel fuel, (ii)
as catalytic compound whichare injected upstream ofthe particulate loaded filter, and
(iii) as a catalytic coating on the filter itself. Because of logistic and possible
environmental problemsrelated to the first two options, the last option ofthe catalytic
coating is the most desirable wayto apply a catalyst for the soot oxidation.

According to the Euro 4 standard, which becameeffective in October 2005,
emission ofthe particulate matter (PM) from the diesel trucks have to be reduced by
80% compared to Euro 3. Several technical solutions to reduce exhaust gas emission
have been suggested. Oneofthe leading technologies involves the use of particulate
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traps (Van Satten et al., 2001). The particulate matter is defined by the US
Environmental Protection Agency (EPA) as all compounds collected on a
preconditionedfilter in dilute diesel exhaust gases at a maximum temperature of 52
°C. The wall-flow diesel particulate filter (DPF) attains filtration efficiencies over 90%

(for solid matter) under normal operating conditions (Kabin et al., 2004). Though
particulate traps show high filtration efficiency, there is need offilter regeneration to
prevent filter plugging and back pressure increase. The developmentoffilter with
catalyst coverage that combine retention and oxidation of the emitted particulate
matter has drawn wide attention (Genc et al., 2005; Fino et al., 2006). Most of the
oxidation catalysts used in the international markets are noble metal based (Pt, Pd),
which are expensive and due to a low abundance vulnerable to further price increase
upon demand. Therefore the search for catalyst, free of noble metals, is of global
importance. For the elimination ofdiesel soot so-called diesel particulate filters (DPFs)

are taken into consideration. These technologies are described in detail in a review
from Twigg., 2007 and summarized in our publication (Balle et al., 2006).

The most importantapplication of catalytic materials is directly oxidizing the
soluble organic fraction (SOF) of the diesel exhaust emissions. In-cylinder diesel

particulate matter (PM) control has greatly reduced the PM emission levels in the
modern engines. Progress has been especially effective in reducing the soot portion of
PM emissions, so the SOF ofparticulate matter now accounts for a much larger share.
Oxidation catalyst can oxidised the large portion of the hydrocarbons present in the
soluble organic fraction of PM emissions, as well as gaseous hydrocarbons, carbon
monoxide, and odour (Neri et al., 1997).

It has been widely accepted that surface oxygen complexes on carbon act as
intermediates during carbon gasification. In case of oxygen gasification, oxygen
molecules first dissociatively chemisorbs on carbon active sites to form surface
oxygen complexes. Then the complexes decompose as CO) and/or CO.

Although the temperature programmed desorption (TPD) technique, which has
often used for the characterization of surface complexes, makes it possible to
determine the concentration and the thermal stability of the complexes, this technique
does not allow the exact identification of the chemical form of the complexes.
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Significant efforts have been madeto detect the complexes directly with spectroscopic
instruments. It has been well known that FTIR spectroscopy is a powerful technique

for identifying oxygen functional groups on carbon surfaces (Cerfontain et al., 1986;
Zawadzki et al., 1989; Meldrum., 1990).

The pollutants like HC and CO can be converted in the oxygen rich diesel

exhaust by using Pt or Pd oxidation catalysts (Zelenka et al., 1996). The mechanism

and kinetics of the catalytic oxidation of HC and CO on Pt have been investigated in
depth by several groups (Chatterjee et al., 2001; Zerkel et al., 2000; Campell et al.,

1980).

1.2. Aims and Objectives

Presently most continuous regenerating systems are based on catalysts, which
consist of noble metals (Pt, Pd) or their mixtures with different base metals. These
systems are not only expensivebut also difficult to apply in the region with high fuel
sulphur content. Introduction of a diesel oxidation catalyst technology free of noble
metals or with low noble metal content gives additional advantages with respect to
cost reduction and system stability. Although significant research has been
accomplished internationally to develop noble metal free diesel oxidation catalyst, the
results are not satisfactory mainly due to increasing stringent emission legislature.

The first objective of the present work is to clarify the chemical form of the
surface oxygen complexes on the soot and to investigate how these surface oxygen
complexes detected with FTIR spectroscopy, and then to relate these results from
FTIR to the complexes desorbed in TPD.

The second objective of this work is to develop a technology, which allows the
efficient search of newcatalysts formulations to lower diesel soot oxidation
temperature. For this purpose we need such a catalyst, which possess the following
characteristics:

i. It must show low temperature activity, (T~ 250 °C)

ii. It must be non-toxic,

iii. It must be cheap, 
 



iv. It must be environmentally friendly,

v. The catalyst must be thermally stable, (T~ 1000 mC

Iron (IIT) oxide (hematite) is not only a strategic industrial material, but also one

of the most used metal oxides with various applications in scientific and industrial
fields. Hematite is one of the most frequently used catalysts in chemical industry
(Mimura et al., 1998; Changet al., 1997).

Asit is known from theliterature that Fe,O;is thermally stable up to 1200 °C
(Willey., 1988) and is very good catalyst for soluble organic fraction (SOF) oxidation
(Neri et al., 1997); FeO;is not toxic and has been used as catalytic component. In the
presence of FeO; catalyst the soot ignition temperature decreases drastically, while
soot is mainly oxidized into CO,. Without catalyst, CO is the major product of soot
oxidation. A numberofreactions can take place, when soot is oxidized catalytically by
FeO. Catalytic oxidation of carbon (soot) to the carbon dioxide is the main reaction,

in which Fe,O3, or more specifically surface ofFeO;act as catalyst.

C+0,>CO, (1.1)

1.3. Theoretical Background

The industrialization of the world is accompanied by a drastic increase in
consumption offossil fuels. The energy stored in fossil fuels is freed mostly by flame
combustion, which is the reaction between the carbon containing constituents of the
fossil fuel and the oxygenoftheair, according to the reaction

CH eee

 

O, < mCO, +5H,0 (1.2)

intermediate oxidation products such as alcohols, aldehydes and carbon monoxide.
Thermal cracking reactions takes place in flame results in the formation of hydrogen
as well as hydrocarbons that are different from the ones presentin fuels itself.

 

 



 

1.3.1. Diesel Engine Emissions:

Diesel engines emission composition varies considerably depending on the fuel,
lubricating oil, engine type, and the driving conditions (Kahandawalaet al., 2004; Zhu
et al., 2005; Tosakaet al., 2000). Diesel emissions are the mixture of gases, vapours,
liquid aerosols and substances made ofparticles. The typical diesel engine exhaust gas
consist of carbon (soot), CO, CO, NO, N2O, NO, NH3, SO, aliphatic hydrocarbons,
polynuclear aromatic hydrocarbons, organic acids, and _halogenatic organic
compounds.

 

 

Components Concentration Components Concentration

co 100-10000 ppm Aldehydes 0 mg/mile

HC 50-500 ppm Cl Ammonia 2 mg/mile

NO, 30-1000 ppm Cyanide 1 mg/mile

So, Proportional to fuel S content

|

Benzene 6 mg/mile

PM 200-200 mg/m3 Toluene 2 mg/mile

co, 2-12 vol. % PAH 0.3 mg/mile 
 

The composition of the diesel particulate matter depends on where and how
theyare collected. In the tailpipe, where the temperature is high, most ofthe volatile
materials are in the gaseous phase. As the exhaust gas cools down andis diluted by
ambientair, nucleation, condensation, and adsorption transform the volatile materials
to solid and liquid particulate matter (Kittelson., 1998). Particulate matter and NO, are
considered to be the main pollutants ofthe diesel engine.

1.3.2. Diesel Engine Emissions Legislature:

Diesel emission of PM and NO,is currently discussed with regards to human
health and the environment. The EU commission and the Environmental Protection
Agency (EPA)in the United States are highlighting the fine particulate as one of the
current priorities for the environmental hygiene in the Europe and the United States
respectively. The international community has acknowledged this problem and
imposed limits on diesel emission. Progressively, the emission standards are becoming
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more and more stringent. European legislation on exhaust emissions has made major
progress sinceits initiation in 1992.

Table 1.1 EU emission standards for diesel passenger cars (g km"')
 

 

Date co HC+NO, NO, PM

Euro | 07/1992 Ze 0.97 - 0.14

Euro 2 01/1996 1.00 0.90 - 0.10

Euro 3 01/2000 0.64 0.56 0.50 0.05

Euro 4 01/2005 0.50 0.30 0.25 0.025

Euro 5 09/2009 0.50 0.23 0.18 0.005

Euro 6 09/2009 0.50 0.17 0.08 0.005
 

The US Environmental Protection Agency has imposed a tiered system for
emissions reduction through 2010. Under thetiered 2 emissions which were finalized
in 1999 and to be phased in between 2004 and 2009, the same emission standards
apply to all vehicle weight categories when tested on the Federal Test Procedure 75
driving cycle and emissions are measured in g/mile (FTP) (Johnson etal., 1994). There
is growingcall to standardize the test cycle worldwide.

1.3.3. Diesel Emission Treatment Technologies:

Diesel engines generate fewer greenhouse gas emissions but emit larger
amounts of PM and NO, compared to their gasoline counterparts. During the
combustion of diesel fuel, fuel is injected into pre-compressed air forming droplets
surrounded by oxygen deficiency, which results in incomplete combustion and thus
leads to the solid soot formation. The catalytic after treatment techniques that aims at
the combustion of pre-formed PM in the exhaust stream rather than avoiding the
formation of PM is the most promising technology. Wall flow ceramic monoliths are
the most common type of diesel filter substrate. Manysilicon carbide filters are
typically extruded in smaller segments and cemented together to form the appropriate
filter (Masoudi., 2005).

 



The diesel oxidation catalyst is an effective device to control CO, HC,poly-

aromatic hydrocarbon (PAH), hydrocarbon derivatives, such as aldehydes, and a large
part ofthe constituents ofthe soluble organic fraction (SOF)ofthe diesel particulate.

1.3.4. Oxidation Catalysts:

The use of catalyst in soot removal from the particulate traps is logical choice.

Catalysts for the oxidation of the carbonaceous materials, e.g. graphite, activated

carbon, and coal have been studied for a long time. Catalytic oxidation of soot is in
many ways are analogous to these oxidation reactions, in which many catalysts have
appeared to be active. The catalytic soot oxidation is thought to be more reactive than

graphite and other carbon samples. This could be caused by a less pronounced

ordering of crystallites (clustered of stacked layers of graphite basal planes) and a

higher impurity concentration resulting in a larger active surface area and in higher

reaction rates.

The pursuit of a technique for diesel soot control has prompted a research into

the application ofcatalysts to lower ignition temperatures and so promote combustion

(Querini et al., 1999; Neri et al., 2003: Oi-Uchisawa et al., 2003; Kim et al., 2003;

Galdeanoet al., 2004; Badini et al., 1998: Van Satten et al., 2000; Kureti et al., 2003;

Leocadio et al., 2004; Neeft et al., 1996; Setiabudi et al., 2003). Most of the oxidation
catalysts used in the international markets is noble metals based which are expensive

and due to a low abundance vulnerable to further price increases upon increasing

demand (Twigg., 2005). Moreover, precious metals catalyze the formation of sulphate
and sulphuric acid. EU, USA and Japan have decided to reduce the sulphur content of
diesel fuel. Low sulphur will prevent the deactivation ofthe catalyst by poisoning from

sulphur oxides. (Neeft et al., 1997; Neeft et al., 1998) studied the influence ofthe

catalyst-soot contact on the catalytic activity. Most research groups used model soot

(Printex U), a commercially available carbon black which is said to posses almost
identical properties as real diesel soot (Tosaka et al., 2000). The continuously
generating trap (CRT) was commercialized by Johnson Matthey for trucks and buses.
It comprise an oxidation catalyst (Pt) followed by a wall flow monolith
(jmeatalysts.com., 2009). The so-called Catalysed Continuously Regenerating Trap
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(CCRT) are used in the selected heavy duty diesel application where the duty cycle
does not always provide sufficient temperature for the proper function of the CRT

(Allanssonet al., 2004) while this system functions well in the Europe where ultra low

sulphur diesel fuel is widespread, the system may fail in the countries with high
sulphur fuel.

The variation in the oxygen concentration can affect the reaction rate. The
reaction order in the oxygen concentration was found to vary between 0 and

|

in

various studies and the reaction rate is generally taken as sole function of oxygen

partial pressure (Khan etal., 1971; Otto et al., 1980; Miyamoto et al., 1990).

1.3.5. Mechanism of Catalytic Soot Oxidation:

The mechanism of soot oxidation is not completely understood. Catalysed

reaction mechanismis relatively different from the uncatalysed condition- as the order

of reaction, the activation energy and the primary products are changed substantially.

The mechanistic nature of the oxidation of soot particulate may involve either of the

pathway e.g. activation of carbon atoms within the particulate and/or the catalyst

acting as a source ofactivation of carbon atoms within the particulate or the catalyst

acting as a source of activated oxygen which can be regenerated. Two oxidation

mechanisms are proposed to occur in the catalyzed carbon oxidation: a redox
mechanism and a spill over mechanism. According to van Satten et al., 2000,
Amariglio and Duval were thefirst to suggest that the only metals which can oscillate

between two oxidation states can catalyze the oxidation of the graphite sheet. The
oxides of metals which readily change valency have been identified by Setzer et al.,
1993; as superior catalysts. Cu, Fe, and Co were found to be more active than Ni and

Zn. Neeft et al., 1996; found that the oxides of Co;O4, V20s, Fe,03, LayO;, MnO, and
NiO,exhibit high to moderateactivities in tight contact but hardly anyactivity in loose
contact. Other oxides such as PbO, Cr,03, MoO, CuO, and Ag;O are still active in

loose contact. Neri et al., 2003; found that Fe,0; was a good catalyst for soluble
organic fraction (SOF) oxidation but that CuO and VOs were found better for the
carbon component. (Querini et al., 1999; Querini et al., 2000) reported that for tight
contact, metal oxide catalysts burned soot at lower temperature. Somecatalysts can

10

 

 



oxidise graphite withoutbeing in contact. Baumgarten et al., 1988; observed increased
rate of coke oxidation while there was no direct contact between the catalyst and coke.

The catalyst catalyzes the formation of a mobile compound (O,4,.) which migrates to

the coke where it reacts to form CO, and/or CO. This mechanism is known as the

spillover mechanism, which was proposed by Cooper et al., 1989.

According to Mul et al., 1998; both the spillover and redox mechanism can

occur spontaneously. The dominating mechanism depends on the physical contact

between the catalyst and soot.

In the case of iron contact with sootrelatively very little is known. Mul et al.,

1998, foundno sign of Fe-OC interaction by using infrared spectroscopy.

1.3.6. Formation, Composition, Structure, & Reaction Schemeof the Soot:

Soot formation occurs in the high temperature, fuel rich reaction zone around

the individual fuel droplets, where fuel hydrocarbons are oxidized under

substoichometric oxygen conditions. In this reaction zone the reaction is limited by the

oxygen concentration. Oxygen transport occur by diffusion through the flame front,

therefore, this type of reaction zone is called a ‘diffusion flame’. Another flame type

which occurs in the processes of combustion is the ‘premixed flame’ the combustion

of a premixed amountof fuel and air. Temperatures are higher in premixed flame than

the diffusion flame. As studies on the soot formation in the diesel engine cylinders

pose practical problems, many studies have been performed under model conditions.

Diffusion flames in burners are often studied. Soot formation process in burner,

diffusion flames do not fundamentally differ from those in the diesel engine.

The formation of soot is thought to take place via a number of elemental steps:
pyrolysis, nucleation, surface growth and coagulation, aggregation, and oxidation.
These processes takes place on different time scales, ranging from a few microseconds
(initial nucleation processes), to some milliseconds (completion of soot formation,
oxidation and cooling by cylinder expansion).

Diesel particulates, which are often erroneously referred to as diesel soot, are
composed of a number of different substituents. In the combustion chamber the so-
called primary soot particles are formed as a result of nucleation and growth. The 



specific composition of the diesel soot determines its reactivity in the oxidation
reactions. Therefore this composition is one of the starting points considering option to
increase the oxidation reactivity of soot.

Donnet., 1993; has been discussed the nature of soot. The fundamental unit of
the soot agglomerates are the spherules with diameters of 10-50 nm (Walker et al.,
1966). As the name implies, most ofthese particles are almost spherical, but a number
of less regular shapes may be found. The surface of the spherules has adhering
hydrocarbon material or soluble organic fraction (SOF) and the inorganic material.

Ahlostroem et al., 1989 found that on heating diesel soot at a rate of 10 K/min,

hydrocarbons were lost in the range of 150-400 °C, with a pronounced peak at 200 °C.

Courcot et al., 1997; tested highly impregnated soot and found three distinct

hydrocarbon peaks. The spherules are joined together by shared carbon deposition to

form loose particles of 0.1-1 jm size. The nitrogen BET area of soot was found to be

only 40% ofthe external surface area calculated for the spherules whose diameter was
measured by electron microscopy (Neoh et al., 1984). Though the porosity of these

particles may be of the order of 0.95, they cannot be broken down into the individual

spherules, even by strong ultrasoundtreatment (Marcucilli et al., 1994). Viewing of

the spherules by electron microscopy reveals laminations with surface steps, which are
produced by numerous crystallites in concentric orientation (Donnet., 1993).

A good introduction to carbon oxidation was provided by Marsh et al., 1989.
Moulijn et al., 1995; they argue that at gasification temperatures the carbon surface
will be relatively simple. They identify three types of carbon-oxygen complex of

increasing stability: carboxyl, semiquinone and pyrone groups. Only a fraction of the
oxygen-containing complexes take part in the gasification reactions (Kapteijn et al.,
1994).

Ahmad etal., 1987; examined thin films of the pyrolytic carbon deposited from
a sub-stoichiometric methane flame. From the temperature programmed desoption
(TPD)they identified two types of adsorbed oxygen complex, and propose different
sites for CO and CO;release.

 



Du et al., 1990; Du et al., 1991; examined the adsorption/oxidation steps of
oxygen with a soot produced in a laboratory premixed ethylene flame. This method of
preparation ensured that no metal was included. The mean spherules size was 43 nm.

By TPD they identified a critical activation energy for desorption, below which the

oxygen complex is rapidly desorbed and above whichis persistent. This critical value

varies exponentially with temperature but only slightly with time.

The reaction scheme proposed by Marshet al., 1989; involve free carbon sites

Cy, chemisorbed localised molecular oxygen C(O), chemisorbed mobile molecular

oxygen C(O>)m, chemisorbed localised atoms ofoxygen C(O) and chemisorbed mobile

atoms of oxygen C(O),,:

Cr+ O02 — C (O2) or C (O2) m

C (Q2) > Cr+ O2 — C(O) + C(O), or/and > C (O) , + C (O) m

or/and — C (O)+C(O)

C(O) —Co

C(O)n— CO

C(O)m+ C(O) m — Ce+ CO,

C(O) m+C (O) + Cr+ CO,

CO+C(O)— C;+ CO,

CO+C(O) »— Cr+ CO;

O, + 2C (O) — 2C0,

De Soete., 1988; found that the oxygen adsorbates occupied only a small
fraction (<5%) of the surface sites. This result was confirmed by Ma et al., 1996 for

the spherocarb oxidation at low temperatures. They conclude that the carbon surface
displays heterogeneity with regards to adsorption processes. The adsorption step
results in the release of a molecule of CO or CO, for the every molecule of O,
adsorbed:

—C + O, — -C (O) + CO, CO,
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1.3.7. Kinetic Studies

The kinetics of soot oxidation is widely discussed by global approaches, i.e.

potential rate laws (Neeft et al., 1997; Jacquotet al., 2002; Stanmore et al., 2001).
Numerous studies on nanosized Au catalysts useful for CO oxidation have been

published (Bandyopadhyayet al., 2006), which demonstrate that these materials have

insufficient thermal stability for the practical application. In addition, some iron-
containing oxides also have been reported to be effective in CO oxidation, either as

catalyst e.g. LaFeO3 (Voorhoeveet al., 1976), Fe,03/Cr203/Al,O;(Fagelet al., 2001),

Fe,O+/SiO) (Randall et al., 1997), or as a support e.g. Au/FeO; (Kahlichet al., 1999),

Pd/Fe,O; (Schalow etal., 2006). However, very little work has been done on the CO
oxidation in the presence ofFeO; catalyst.

To obtain the independent kinetic parameters, the kinetics of the soot/ O,

reaction being the dominatingreactionin the catalytic as well as non-catalytic soot/ Oz

conversion is examined separately. Thermobalances are widely used for the kinetic

studies of the combustion of solids. The good control of temperature and the high

sensitivity for measuring the materials weight loss justify thermogravimatric analysis

(TGA). However, this simple and useful technique necessitates precautions. Methods

to extract kinetics parameters from thermograms obtained during the heating up of the

sample are available (Sestek et al., 1971; Satava., 1973). When determining kinetics

constants for the combustion of very porous materials with large surface areas, such as

carbon black or diesel soot, diffusion of oxygen has been shown to control oxidation

(Oi-Uchisawa et al., 2003; Gilot et al., 1993). In some TGAsituations, diffusion

limitations can be overcomeor ameliorated experimentally (Allen et al., 1990; Lisa et

al., 1992).

The rate of oxidationis limited by the kinetics, with a slower soot oxidation rate

at lower temperatures (Goldenberg et al., 1983).

C+50, +CO AH=-100.5 kJ/mol (1.3)

CO+ 50; +CO, AH=-293.0 kJ/mol (1.4)
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The soot is oxidized at temperatures of about 600 °C quickly and completely.
The thermal oxidation of carbon by oxygen has been widely studied whereas the

reaction mechanism was proposed by Moulijn research group (Moulijn et al., 1995;

Neeft et al., 1997).

1.4. Characterization Techniques

The synthesised catalysts/soot particles are routinely characterized by several

conventional techniques to determine their composition, structure and texture, these

include X-ray diffraction (XRD), specific surface area measurement, electron

microscopy, thermogramematry, temperature programmed oxidation (TPO) and

temperature programmed desorption (TPD) study. Spectroscopic technique like FTIR

has also been proved to be highly valuable in the characterization of the interaction

between soot and the catalyst surface.

1.4.1. Specific Surface Area Measurement (BET Method)

To measure BET surface area it is necessary to derive the monolayer capacity

n’.,, defined as the amount of adsorbate required to form a complete monolayer on the

surface of unit mass of the adsorbent. The specific surface area a, (BET) is then

obtained from n*,, by taking a value for the average area ap, occupied by the adsorbate
molecule (i.e. the molecular cross-sectional area) in thefilled monolayer. Thus

a, (BET) =n", L° a, (1.5)

where L is the Avogadro constant.

By making certain assumptions, Brunauer, Emmett and Teller (Brunauer et al.,
1938), were able to simplify the summation of the amounts adsorbed in all layers and

arrive at their first and most useful form of(equation 1.5),

 
_P! Po = : +P (1.6)

n°(l1-—p/p,) n°*m n°’mc

where c is constant. It is evident that the BET equation requires a linear relation
between p/n*(po-p) and p/pp — or between p/p/[n°(1-p/po)] and p/p. According to (eq.
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1.5), the values of n*“,, and c can be obtained from the slope and interceptofthe linear
BETplot.

Nitrogen (at 77K) is generally considered to be the most suitable adsorbate for
the determination of the surface area of nonporous, macroporous, or mesoporous
solids. It is usually assumed that the BET nitrogen monolayer is close-packed, giving
& (N2) = 0.162 nm? at 77 K.

1.4.2 Fourier transformsinfrared (FTIR) spectroscopy

Infrared spectrometers can be divided into three categories: dispersive,

multiplex, and non-dispersive. Dispersive instruments use gratings or prisms to
achieve wavelength selection and is typically used for qualitative work. Multiplex
instruments, or Fourier Transfer Infrared (FTIR) Spectrometers, use a Michelson

interferometer to modulate the intensity of the infrared radiation as a function of

frequency, and then employ Fourier transform to convert the resulting time dependent

spectrum into a standard wavenumber spectrum. FTIR spectroscopy can be used for
both qualitative and quantitative work.

It has been well-known that FTIR spectroscopy is a powerful technique for
identifying oxygen functional groups on carbon surfaces [88-98]. However FTIR

measurement of highly carbonized material has met with difficulty in obtaining a
spectrum of good quality, because of the low concentration of surface complexes and
the high adsorption co-efficient of carbon (Morterra et al., 1985; Morterra et al., 1985;
Morterra et al., 1985; Politou et al., 1990; Flanninget al., 1993).

In the present study spectra were recorded on an ATI Mattson (USA) Galaxy
5020 FTIR spectrometer equipped with a MCT detector. The IR cell madeofstainless
steel contains a ZnSe window and was connected to a gas-handling system. The
spectra were recorded in the range from 800 to 2000 cm" with an instrumentresolution
of 4 cm". 2000 scans are accumulated to a spectrum resulting in a timeresolution of 5
min. The temperature was monitored by a K type thermocouple placed 5 mm
undermeath the sample surface. The control computer is operated with the software
winfirst (year 1994).
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1.4.3. Powder X-Ray Diffraction (PXRD)

PXRD is the most widely used x-ray diffraction technique for characterizing
materials. As the name suggests, the sample is usually in a powdery form, consisting
of fine grains of single crystalline material to be studied. The technique is used also
widely for studying particles in liquid suspensions or polycrystalline solids (bulk or

thin film materials).

The term ‘powder’ really means that the crystalline domains are randomly

oriented in the sample. Therefore when the 2-D diffraction pattern is recorded, it
shows concentric rings ofscattering peaks correspondingto the various dj; spacing in

the crystallattice as given in Bragg’s equation

2 =2 dig sind (1.7)

The positions and the intensities of the peaks are used for identifying the
underlying structure (or phase) of the material. For example, the diffraction lines of
graphite would be different from diamond even though they both are made ofcarbon
atoms. This phase identification is important because the material properties are highly
dependent on structure. X-ray diffraction crystallites thickness is reported as 1.2 nm by
Heywood etal., 1990; and 1.4 nm by Ishiguro et al., 1991.

PXRD patterns were recorded at room temperature on a Siemens D 501

(Germany) employing Nifiltered CuKa (4 = 0.1543 nm)radiation operated at 40 kV

and 30 mA. A 26 step size of 0.02° was used with an integration time of 1 s. The
samples were measured using a rotation velocity of 120 rpm.

1.4.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy is employed for the surface morphology of the
catalyst & soot (Courcotet al., 1997; Neoh et al., 1984; Imanari et al., 1981). SEM

permits qualitative characterization of the catalyst surface and helps to interpret the
phenomena occurring during calcinations and pre-treatment. The most important
advantage ofelectron microscopy is that the effectiveness of preparation method can
directly be observed by looking to the metal particles. From SEM theparticle size
distribution can be obtained. This technique also reveals whether the particles are
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evenly distributed or packed up in large aggregates. If the particles are sufficiently
large, their shape can be distinguished andtheir crystal structure is then determined

(Imanari et al., 1981).

SEM was performed using JEOL JSM-5910 electron microscope operated at 20
kV with a tungsten filament at the electron source. Energy-dispersive analysis of the
emitted X-ray (EDX) was performed, in combination with SEM, using Energy-
dispersive X-ray spectrometer Oxford INCA200.

1.4.5. Thermo-gravimetry (TG)

Thermo-analytical techniques are commonly used in research laboratories.
Examples of the each technique are thermogravimetrical analysis (TGA), differential
thermal analysis (DTA) and differential scanning calorimetry (DSC). Thermo-
analytical (TA) techniques have certain advantages and disadvantages in the
comparison with the more traditional flow-reactor techniques which are also widely
employed. An important advantage of TA techniques is their convenience, as small
sample sizes can be used and the analysis is rather fast compare to the flow reactor
experiments. The main disadvantage of the TA techniques is that the sample is
enclosed in a small crucible. As a result, the gas feed flow around the sample, instead
of through the sampleas is the case in most flow reactor samples.

Thermo-gravimetry (also known by the acronym "TG"; alternative spellings
include thermo-gravimetry and thermo-gravimmetry) is a branch of physical
chemistry, materials research, and thermal analysis. It is based on continuous
recording of mass changes of a sample of material, as a function of a combination of
temperature with time, and additionally of pressure and gas composition.

Thermo-gravimetry (TG)is a technique for measuring the change in weight ofa
sample as a function of temperature, whilst the sample is subjected to a controlled
temperature programme. Tikhomirovet al., 2006; used a TGA device to study the
oxidation of soot by different mixed oxides. A comparison ofthe effect on the soot
oxidation by different nanostructure spined-type oxides was given by Fino et al., 2006.
Gilot and co-workers (Gilot et al., 1993; Stanmore et al., 1994; Stanmore et al., 1995;
Gilot et al., 1995) studied the interaction between kinetics and mass transfer.



According to them the active layer being less than 1 mm in thickness and the reported

rates which do not take accountofthese effects may be too low.

TG was performed using THERMOWAAGE STA-409, NETZSCH Thermisch
Analyse (Germany).

1.4.6. Temperature-Programmed Techniques

In the fields of adsorption and heterogeneous catalysis involving gas-solid
interactions and surface reactivities, the techniques of temperature-programmed
desorption (TPD) and temperature-programmed oxidation (TPO) have been
developed, whichtypically involve monitoring surface (or bulk) processes between the
solid catalyst and its gaseous environment via continuous analysis of the gas phase
composition as the temperature is raised.

 
1.4.6.1 Temperature-Programmed Oxidation (TPO)

Detailed investigations of carbon oxidation show that molecular O, and the O
and OH radicals all participate in the soot oxidation (Cavaliere et al., 1994). OH is
particularly effective (Lee et al., 1962: Ruth et al., 1998). Roth et al., 1998: showed

that hydrogen peroxide has assist soot oxidation at low temperature, due the presence
of high concentrations of OH radicals. Setiabudi et al., 2004; noted that each soot
sample was completely oxidised during the TPO in O2; for idle and full load the
combustion is completed at 800 K, while for Printex-U complete combustion was
achieved at 900 K. Printex-U, the flame soot, has been chosen as a soot model, since
this model soot has been used to substitute diesel soot in soot-O, reaction researches
for more than a decade (Jelles et al., 1999). Le Minh et al., 1997; reported on an
investigation into CO and CO, evolution during TPO of coke deposited on cracking
catalysts. Various groups measured coke weight loss during TPO to determine
oxidation kinetic parameters, information on coke location, and carbon type on various
catalysts (Che et al., 1989; Pieck et al., 1989; Galuszka et al., 1992; Gayubo et al.,
1994; Farnandes et al., 1995; Bondet al.. 1995).
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1.4.6.2. Temperature-Programmed Desorption (TPD)

Temperature programmed desorption (TPD) is the method of observing
desorbed molecules from a surface when the surface temperature is increased. Many
researchers prefer the name TPD instead of thermal desorption spectroscopy (TDS)
because it is not a spectroscopic method. When molecules come in contact with a
surface, they adsorb onto it, minimizing their energy by forming a chemical bond with
the surface. The binding energy varies with the combination of the adsorbate and
surface. If the surface is heated, at one point, the energy transferred to the adsorbed
species will causeit to desorb. The temperature at which this happens is known as the
desorption temperature. Thus TDS showsinformation on the binding energy.

Temperature-programmed desorption (TPD) of adsorbed gas from catalysts has
become a very commontechnique for catalyst characterization (Schloten et al., 1985;
Menonet al., 1987; Falconer et al., 1983). The information collected from TPD studies

are;

i. The type and amountofthe different forms ofadsorbed species

i. The bond energies between adsorbate and surface, and possibly

ii. The type of bondingofthe adsorbed species on the catalyst surface (Schloten et

al., 1985).

However, the determination of the amount of chemisorbed gas is not always

very accurate because of various experimental considerations (diffusion, readsorption).

Temperature-programmed desorption of simple bases is a widely used method
to assess the total number and strength ofacid sites (Sharma et al., 1993; Karge., 1990;

Hashinguchi., 1989).

Falconer et al., 1983; have reviewed the applications of temperature-
programmed desorption. In a typical TPD experiment, soot or catalyst is contained in a
reactor that can be heated at a linear rate. After pre-treatment, the soot or catalyst is

saturated with a probe molecule under well defined adsorption conditions. After the
excess gas is flushed out ofthe reactor, the sample is heated in a flowing inert gas
stream. A thermocouple inserted in the catalyst measures the temperature and a
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detector downstream measures the effluent gas composition. The concentration of the
desorbing gas in the effluent gas may be monitored by absorption/titration, thermal
conductivity, flame ionization, or mass spectrometry. The desorption rate of the
adsorbed gas increases, goes through a maximum, and drops back to zero as the
surface is depleted of adsorbate.

The experiment permits the determination of the total amount of gas or vapour
that was adsorbed, andofthe kinetic parameters of the desorption process, particularly
ofits activation energy (Falconer et al., 1983; Cvetanovic et al., 1972). Inert gas flow
rate, soot or catalyst particle size, soot or catalyst pore size, and soot or catalyst bed
depth affect the TPD spectra.

1.5 Analytical Technique

1.5.1 Non-Dispersive Infrared (NDIR) Spectroscopy

Non-dispersive instruments have a much simpler design than both dispersive

and multiplex instruments. Non-dispersive instruments have been used for quantitative
determination of a variety of gaseous species in the atmosphere by adsorption,
emission andreflectance spectroscopy (Simpson., 2004; Skoog et al., 1998; De Castro
et al., 1999).

For the quantitative measurement of the CO, and CO), concentrations, NDIR
spectroscopy is used. With this analysis method the entire IR wavelength spectrum is
not used. This technique is based on resonance absorption at the characteristic
vibration rotation spectrum bands of non-elemental gases in the middle infrared range
between 2 and 12 um. Because oftheir bipolar moment, the gas molecules interact
with infrared emissions. For selectivity, the receiver is filled with the applicable
sample components to establish sensitivity to these components. The absorbance ofthe
pure gas component is measured in a separate pneumatic radiation detector, with
which the gas is heated and expands itself proportionally to the radiation intensity. The
sample gas is illuminated likewise, expands and irradiated into a balanced container
before its entrance the flow and thus the mass of gas is determined. The gases are at
the same time quantitatively measured.
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CO and CO) are monitored by NDIR spectroscopy (Binos 4b.1 from Fisher-
Rosemountfor CO and COQ)).

1.6. Kinetics & mechanism of the non-catalyzed & catalyzed soot oxidation

Although oxidation reactions of all kinds of carbonaceous materials have been
studied to a large extant, relatively little is known about the processes taking place in
the non-catalyzed and catalyzed oxidation of carbonaceous materials. For the
gasification of the carbonaceous materials with other reactants such as CO, or H,0,

much more detail on the kinetics and mechanism have been published for both the non
catalytic (Walkeret al., 1959; Kapteijn et al., 1986) and the catalytic (Kapteijn et al.,
1986; Mckee., 1983; Mckee., 1981; Moulijn et al., 1984) gasification reaction.  

 



 

CHAPTER- 2

EXPERIMENTAL

2.1. Chemicals

Various reagents used in this research are listed in table 2.1 along with their
specifications. All the reagents used were of high grade purity. Similarly all the gases
used in reactions were of required purity.

Table 2.1: List of Reagents

 

 

 

 

 

  

Reagent Supplier Catalogue No. Grade

Polyvinyl alcohol

(M=145000g/mol) Merck 814894 for synthesis
Iron nitrate Fluka 31233 analytical

Activated Charcoal Fluka - -
Printex L Fluka - -
Graphite Fluka . .      

2.2 Preparation of Soot and Fe,O,

2.2.1 Preparation of model soot

The model soot is prepared by burning a propylene / oxygen mixture in a
diffusion burner with the help of a flame and is separated from the exhaust by
employing a particulate filter. The diffusion bumer is shown in figure 2.1. The
apparatus is described well in the literature (Balle et al., 2006; Reichert., 2003; Klos.,

1998). The generated model soot consists of98.8 Ma. - % (94.0 mol %) ofcarbon, 0.7
Ma. - % (0.5 mol %) of oxygen and 0.5 Ma. - % (5.5 mol %) of hydrogen (Reichert,
2003). Soot containing 2.6 Ma. - % adsorbed species is discarded as it consist mostly

the adsorbed hydrocarbons.

 



 

 
    

 

   

 
  





 

Table 2.2: BSA of FeO; anddifferent soot samples

 

 

Sample BSA (m* g')

Fe203 25

Propene soot 90

Printex L 152

Printex U 90

Graphite 4
 

2.3.3 Scanning Electron Microscopy (SEM)

Iron oxide sample was ground in a mortar and coated on a metal disc using

double stick tape. Scanning electron microscopy was performed using JEOL JSM-

5910 electron microscope operated at 20 kV with a tungsten filamentat the electron

source.

Energy-dispersive analysis of the emitted X-ray (EDX) was performed, in

combination with SEM, using Energy-dispersive X-ray spectrometer Oxford

INCA200.

2.3.4 Fourier Transform Infra Red Spectroscopy (FTIR)

FTIR is one of the most widely used tools for the characterization of surface

groups. In fact, at face value, it would appear to be the ideal solution to providing

quick, inexpensive soot analysis. It is based on the fundamental principles of

molecular spectroscopy.

IR studies are madeto investigate the interaction between the catalyst and soot

surface. The investigations are performed by using soot and other model soot samples

with prominent reflectance (phathalic acid, 9-phenol-2,3,7-trihydroxy-6-fluorone,

anthracene) and are conducted in the absence as well as in the presence ofthe catalyst.

The catalytic mixtures are prepared when Fe,O; is blended with soot in the weight

ratio of 27. the blended procedure is accurately performed by grinding the solids in a

mortor that results in tight contact.

26



 

The spectra were recorded on an ATI Mattson Galaxy 5020 FTIR spectrometer

equipped with a MCT detector. The IR cell made ofstainless steel contains a KBr

windowand was connected to a gas-handling system. The spectra were recorded in

the range from 800 to 4000 cm"with an instrumentresolution of 4 cm*!. 2000 scans

are accumulated to a spectrum resulting in a time resolution of 5 min. The temperature

was monitored by a K type thermocouple placed 5 mm underneath the sample surface.

During the measurements IR cell was purged with nitrogen to avoid diffusion ofair

into the system.

2.3.5 Thermo-gravimetry (TG)

A sample of material (ranging from 60 to 200 mg) is placed on an arm of a

recording microbalance, also called thermo-balance where that arm and the sample are

placed in a furnace. The furnace temperature is controlled in a pre-programmed

temperature/time profile (most commonly), or in the rate-controlled mode, where the

pre-programmed value of the weight changes imposes the temperature change in the

way necessary to achieve and maintain the desired weight-change rate. The most

 
common temperature profiles are: jumping to isotherm and holding there for a

specified time (soak); temperature ramping at constantrate (linear heating or cooling);

and combination of ramp and soak segments.

Unanalyzed and catalyzed soot oxidation in a dynamic gas atmosphere (500

cm’/min) of synthetic air was followed thermo-gravimetrically, THERMOWAAGE

STA-409, NETZSCH Thermisch Analyse (Germany) equipped with on-line work

station for data acquisition and handling. The TG (and DTG) curve were recorded

while heating the various carbon samples and reaction mixture ofcatalyst and soot up

to different temperature ranging from 700 to 1100 °C,at variable heating rate (AT/At =

1.5 and 10 K/min). The fact that the chosen heating rates are rather high is to

accomplish conditions relevant to combustion.

The reaction mixture was prepared by grinding in an agate mortar for one

minute and the mixture (at 2:1 molar ratio) of catalyst and various carbon samples

(Propene Soot, Printex L from Degussa Germany, Graphite, and Activated Charcoal).

The resulting mixtures were then examined.
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2.3.6 Temperature Programmed Desorption (TPD) studies

Temperature programmed desorption (TPD) of soot was carried out for the

estimation of CO & CO). In TPD the samelaboratory bench was used as for catalytic

investigations. 0.120 grams (10 mmol) ofsoot is pre-treated in nitrogen flow at 150 °C

for 15 min. The sample was cooled down to room temperature in N>. The TPD was

started using N> as carrier gas at a total flow of 500 ml min‘'. The material was heated
to 1000 °C at the rate of 1.5 K min", whereby reactor effluents were continuously

monitored.

CO and CO, are monitored by NDIR spectroscopy (Binos 4b.1 from Fisher-

Rosemount).

2.4 Catalytic Studies - Temperature Programmed Oxidation (TPO)

With the help of temperature programmed oxidation (TPO) the activity of the

catalyst is investigated, during which the gas concentration (O}) is varied. This makes

statements for the catalytic activity or activity ofpure carbon black.

For most experiments, as described below,the pure soot and the mixture of soot

and catalyst are used. In the case of the catalyst / soot mixture, FeO; and soot are

mixed in the molar ratio of 2:1, with a pressure of 40 MPa and then mished to a

particle size from 125 to 250 microns granules. In each study a granulated mixture of

3.31 g is used that corresponds to 3.19 grams (20 mmol FeO;) and 0.120 grams (10

mmol soot). For reference purposes pure soot as well as pure granules are also

prepared, which the soot sample was diluted with 500 mg crushed quartz wool to

avoid hot spots during oxidation. The investigation was carried out by using

temperature programmed oxidation (TPO). In all these experiments the same

laboratory benchis used that including a reactor of quartz glass tube (i.d. 8 mm) in

which the sample is fixed with quartz wool. Soot and soot/ Fe,O; mixture was placed

in reactor and then heated in the flow of nitrogen (500 cm*/min) at 150 °C. The

reactive gas mixture is switched on and the temperature increases linearly with a rate

of 90 K / hour to 650 °C. The total volume ofgas flow is 500 cm*/min, while the gas is

composed of 6.0, 12.0 & 18.0 vol. -% oxygen in nitrogen. Preliminary studies show

that the gas in the empty reactor under the experimental conditions do not change
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significantly. The pipes of the bench are made ofstainless steel and are heated to 150

C. The inlet and the outlet temperature of the feed was monitor by a K type

thermocouple fitted directly in the front and behind the sample. For simplicity, the

inlet temperature is exclusively noted throughout the work in all measurements a small

difference of inlet and outlet temperature (<10 K) is observed only, even at maximum

oxidation rates. During the examination the total gas flow is kept at 500 cm*/min

(STP). The gas flow was controlled by independent gas controllers (MKS

Instruments).

A better contact between the soot and catalyst surface, reduced soot particle

size, and a higher density of the soot are factors that might also contribute to higher

soot oxidation rates. Although the initial particle size does not influence the soot

oxidation temperature, care must be taken that theinitial particles are not too large in

order to be sure that the one minute of milling at the intermediate speed mill speed is

sufficient. The use ofinitial (catalyst-soot mixture) particles 125 to 250 microns and

mill time of about one minute can be regarded as a good compromise.

The experimental work consisted of Thermo-gravimetric analysis (TGA),

femperature programmed oxidation (TPO in a flow reactor), and Fourier transform

infrared (FTIR) spectroscopic techniques. The purpose of the TG analysis experiments

was to determine the fraction of the volatile material present in the soot sample, the

reactivity of the soot samples to O). In the flow reactor experiments (TPO) the

reactivity of the soot samples to the oxygen were explored. The FTIR experiments

were performed to analyse the soot oxidation intermediates.

2.5 Kinetic Studies

Thermo-gravimetric analysis (TGA) is a popular method to measure reaction

rates in heterogeneous kinetics. Soot is placed in a crucible inside an oven and the

mass and temperature ofthe solid are measured as a function of time. The temperature

can be controlled to perform temperature ramp experiments. A quantity of known

amount in mg was put in the crucible. The oven was run under synthetic air flow of

500 ml/min. It is more convenient to calculate a specific reaction rate related to a

known extensive parameter.



 

The conversion rate is commonly used (Equation 2.1). It is the rate of

conversion *X° defined by the Equation 2.2, with m. representing the initial mass of

carbon.

 

dX
= —

|]

/ °fa [l/s] 2.1

X =(m.,. —m.)/ Mo Ze

 

For the kinetic studies the same material used as was prepared for TPO studies.

Preliminary tests demonstrate that pressing and granulating does not affect the activity

of the mixture, where as theinitial grinding is found to be crucial step in preparation.

Tight contact mode is generally considered to be less representative for the soot

deposited in particulate filters, but it is suitable for the intended basic examinations as

reproducible conditions are simply provided. For reference purposes pure soot

granules are also made. They are prepared in the same way as described for the

catalytic mixture.

  

Non-isothermally measured kinetic parameters, namely, reaction activation

energy (Eq), order (n), frequency factor (A), and rate constant (k), for the weight loss

process monitoring the soot deep oxidation (C;,,) > COx,) 1), were determined by the

means of mathematical calculation.

 



 

 
 

  
 

 

    
 

 

   
  

 

  
 

      
 

         
 

  
 

 

  

   
 

 

 

        
 

Fig. 2.2: Schematic representation of the TPO/TPD laboratory bench-scale
installation (Balle et al., 2006).
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CHAPTER— 3

RESULTS AND DISCUSSION

In heterogeneous catalysis, the development of catalyst has traditionally been

accomplished by careful characterization of catalyst in order to determine the

parameters which influence the reaction rates over the catalyst under study. The most

extensively studied solid-solid-gas reaction is probably the catalytic oxidation or the

gasification of carbon materials such as propene soot, printex L, printex U, graphite,

and activated charcoal. No general theoretical relationship between catalyst

distribution over the different carbonaceous material and the reaction rate has been

derived.

The objective of the study described in this chapter was to determined

properties, relevant for oxidation, for diesel soot collected from propene flameas well

as for the selected different carbon material. The model soot was compared to the

diesel soot in order to validate for its choice.

Soot generated by combustion processes remains to be a major source for air

pollution. The main sources of soot emission are the public transport and industrial

power plants. Therefore, removal of soot has received muchattention in recent years.

Diesel particulate filters (DPFs) are currently the most favoured technique for the

elimination of soot from diesel exhaust gas.

The aim of present study is also to define an appropriate parameter, describing

the soot surface and the catalytic effect of iron oxide on the soot oxidation. To be able

to compare the results obtained here with the ones in literature,it is necessary that the

parameter used is independent of the experimental condition. Most authors define a

catalytic ‘activity’ of a soot oxidation catalyst only in the term ofignition or peak

temperature during temperature programmed oxidation (TPO) experiments. The

temperature of the peak depends however on the experimental conditions used.

3.1 Temperature programmed oxidation — Reactivity ofsoot to oxygen

Depending on the engine operation modes, a complex mixture of partially

burned and unburned fuel and of lubricating oils is normally bounded to the particles
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emitted from diesel engine. The compounds are normally of high and intermediate

molecular weight compounds, known as soluble organic fraction (SOF). Compared to

the primary soot particle, which is mainly composed of elemental carbon, these

adsorbed hydrocarbon compounds are easier to oxidise. In order to measure the

oxidation of soot with and without catalyst, temperature programmed oxidation

technique was used with different oxygen concentration (6%, 12%, 18%). In diesel

soot oxidation, catalyst play a synergistic role wherein it catalyses oxidation of the

hydrocarbons that constituents of the soluble organic fraction adsorbed on the soot.

 

The reaction being exothermic in nature generates heat that assists the catalytic

oxidation of the soot. TPO data of the soot as well as Fe,O;/soot mixture that are

obtained with different gas composition are summarized in table 3.1.

Table 3.1: represent the total molar amount of CO and CO) formed in TPO as

well as corresponding temperature T (°C). TPO experiments are performed with and

without Fe2O;catalyst under the reaction conditions of m(soot) = 0.12 g (10 mmolC),

m (Fe,O3) = 3.19 g (20 mmol), F = 500 cm*/min (STP), AT/At = 1.5 K/min.  
 

 

n(CO) n(CO,) Te
(mmol) (mmol) @c)

Fe,O,y/propene soot

6 vol. % O2 0.000 10.000 420

12 vol. % O2 0.023 9.977 416

18 vol. % O, 0.008 9.992 411

Propene soot

6 vol. % O» _ (i a

12 vol. % O, 5.027 4.973 565

18 vol. % O2 5.319 4.837 550

 
The laboratory results on carbon oxidation activity of iron oxide catalyst are

presented in Figure 3.1. The catalyst appears to get activated immediately after 200 °C.

However, significant oxidation of the carbon material is observed beyond the 300 °C.

The peak corresponding to the maximum activity is around 416 °C. The exothermic
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carbon oxidation reaction is expected to propagate the reaction rate after it achieves

significant activity. This activity could be considered reasonably well, in view of the

very lowsurface area of the catalyst used. There was a very low CO concentration of

about 5 ppm. The sudden drop in CO; generation is because of the consumption ofthe

carbon material in the reaction mixture. Therefore, this does not indicate the lowering

of activity and rather confirms the complete oxidation of carbon. The catalyst show

unaffected structure up to about 1000 °C even after prolonged exposure (Stachowiak et

al., 2005). Such a thermalstability is sufficient, even considering the failure-mode

scenarios like soot oxidation after excessive accumulation, generation of the high

localized temperature due to delayed soot oxidation, etc.

Fig. 3.2 represents the TPO ofthe non-catalysed soot oxidation. In the presence

of oxygen soot oxidation increases as it is clear from the figure. The non-catalytic

combustion temperature ofthe soot depends on the contents of adsorbed hydrocarbons,

and experimental conditions, but generally exceeds 500 °C.

This effect is beneficial for C-NO, based reactions filter regeneration because

5-15%Oy is alwayspresent in the exhaust gas. The TPO profile of the catalyzed soot

oxidation are significantly shifted to lower temperature, e.g. the temperature at

maximum CO)concentration (T,,) is decrease from 550 to 420 °C. In the presence of

catalyst, CO formed only in trace amount. The maximum concentration of CO upto

0.32 vol. % is found in absence of catalyst. TPO data in Fig. 3.2 represents the

excellent catalytic activity for the soot oxidation as a result there is no CO at 250 °C.

The peak oxidation temperature corresponding to maximum activity is around 416 °C.

The exothermic carbon oxidation is expected to propagate the reaction rate after it

achieves significant activity. The initial slope of CO, plots increases whichis the sign

of the C/O) reaction that is simultaneous and influenced similarly by the contact

conditions betweencatalyst and carbon. This could be considered as excellent catalytic

activity, in view of the very low surface area of the catalyst used. There is practically

no CO generation, which is sometimes presentas a product of incomplete combustion.

The sudden drop of CO, generation is because of consumption ofthe carbon material

in the reaction mixture. Therefore, this does not indicate the lowering ofactivity and

rather confirm the complete oxidation of soot. The expected O, uptakes are based on
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the supposition (i) that only CO) is formed, and (ii) that 100% of sampleis oxidized.

the results showed a lower QO) uptake in the absence of the catalyst than in its

presence; the agreement with the expectation in this case was excellent we conclude

some CO was formed, but that the Fe,O; catalyst succeeded in oxidising it to CO>.

Fig. 3.3 and 3.4 show the TPO ofthe catalysed soot oxidation with 12 and 18 %

oxygen. As it is clear from these figures that as the vol. % of QO» is increases the

catalytic combustion of the carbon occurs at lower and lower temperature. So this is

not surprising at all since oxygen is obviously expected to have a direct promoting

effect on the carbon combustion.It also quite interesting to note that at 6.0, 12.0, and

18.0 vol.% , the shoulder of the broad peak remain unaffected with the different

percentage of oxygen. The temperature for the respective shoulder is 280 °C.It is clear

from these figures that the concentrations of CO, and CO yielding complexes

increasing with the gasification time.

Surface oxygen complexes increase the rate of catalyzed soot oxidation. For

FeO, catalyst, the reaction rate is increased over the whole conversion range. CO2/CO

ratios also increase in the presence of surface oxygen complexes, an effect that is very

large for Fe2O;catalyst.

It is clear from Fig. 3.5 that heat ramp also play a key rule in catalytic soot

oxidation. When the rampis increased from 1.5 to 10 K/min, the peak became sharp

and the broadness of the peak disappears.
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Figure 3.1

TPO pattern of the FeO; / propene soot. Reaction conditions: m (Fe,0;) = 3.19
2 @20 mmol), m(C) = 0.12 g (10 mmol), c (O2) = 6.0 vol. %, N> balanceF = 500
em’/min (STP), AT/At = 1.5 K/min, FeO,/soot used of 125-250 um.
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Figure 3.2

K/min, soot used of 125-250 ym.

 
 

TPO pattern of the propene soot. Reaction conditions: m(C) = 0.12 g (10 |
mmol), ¢ (O2) = 6.0 vol. %, N2 balance, F = 500 cm*/min (STP), AT/At = 1.5 |
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Figure 3.3

TPO pattern of the FeO,/propene soot. Reaction conditions: m(Fe,03) = 3.19 g
(20 mmol), m(C) = 0.12 g (10 mmol), c(O2)= 12.0 vol.%, Nz balance F = 500
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Figure 3.4

500 cm*/min (STP), AT/At = 1.5 K/min, Fe,O;/soot used of 125-250 pum.

 
 

TPO pattern of the Fe,O;/ propene soot. Reaction conditions: m (Fe,0;) = 3.19
g (20 mmol), m(C) = 0.12 g (10 mmol), c (Oz) = 18.0 vol. %, N>balance, F =
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600

TPO pattern of the Fe,O; / propene soot. Reaction conditions: m (Fe,0;) = 3.19
g (20 mmol), m(C) = 0.12 g (10 mmol), c (O,) = 18.0 vol. %, N2 balanceF =
500 cm*/min (STP), AT/At = 10 K/min, Fe20;/soot used of 125-250 um.



Although little is known about the exact nature of the processes occurring when

soot (carbon)is catalytically oxidized by metal oxides, the reaction is often thought to

proceed through a Mars & Van Krevelen type redox mechanism.In first step the metal

oxide is reduced by soot, and in a secondstep the catalyst is reoxidized by air (reaction

| & 2, n>1) (Mol., 1997).

 

2MO@+C a CO, +2 MO@1) a

2MOqt, —+ 2 MO, 2

 

Fig. 3.6 represents the isotherm of catalytic soot oxidation (FeO;/soot). The

reactivity in each case is almost same. The presence of adsorbed hydrocarbon on the

surface of the soot clearly affects its reactivity to O2 (Reichert, 2008). The effect of the

adsorbed hydrocarbon has disappeared in the case of curve B and C, while in case of

curve A there is a peak at 100 °C. The main result of this shoulder like peak is the

surface groups which is very sensitive towards temperature and in the presence of

catalyst these surface groups are desorbs at relatively low temperature. For the

isothermalcatalytic reaction the mixture of FeO; and soot, of tight contact was put at

such a temperature at which the catalyst shows its high activity.
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Reaction rate of the oxidation of propene soot is largely increased by the

addition of Fe,O; catalyst is the most active metal oxide catalyst in the present study,

increasing the reaction rate under isothermal conditions (400 °C) in 6.0 vol. % QO) in

N>. These results apply to an optimized contact between the powder form catalyst and

soot.

In Fig. 3.7 the oxygen content of the soot is deduced from the TPD pattern that

indicate the desorption of CO (9.2 mg/g...) and CO, (3.3 mg/g...). From these

findings, it is reasonable to postulate that the evolution of CO) in TPD comes mainly

from the decomposition ofthe lactone and/or acid anhydride. It is generally accepted

that the CO desorption in TPD originates from the decomposition of the carboxyl

and/or ether type complexes.

From Fig. 3.8, the content ofH is determined by TPO, in which the hydrogen is

deduced in the form H,O (43 mg/g,...)-



 

 

 

 
 

0 €©§00 1000 1500 2000 2500 3000 3500 4000 4500

Time (sec)  
Figure 3.6

Isotherm ofthe catalytic propene soot oxidation. Inlet temperature (—) = 200 to
420 °C, and concentration of CO, (— —) = 3.314 g of Fe,0,/soot (A), (--*-* )

= 2.389 g of Fe,0;/soot (B), (-****-) = 2.010 g of Fe,0;/soot (C). Reaction

condition: m (Fe2O3) = 3.19 g (20 mmol), m(C) = 0.12 g (10 mmol), ¢ (Oz) =

6.0 vol. %, N> balance, F = 500 cm*/min (STP), AT/At = 1.5 K/min, Fe,O,/soot
used of 125-250 um, (n (Fe;O;/n(C) = 2).
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Formation of CO (— —) and CO, (—) in TPD of propene soot. Reaction |
conditions: m(C) = 0.12 g (10 mmol), N2 flow = 500 cm?/min (STP), AT/At =
1.5 K/min, soot used of 125-250 pm.

 
43 |

 



  

 

 1200 \

1000 - 

 

 

 

H
2
0

Co
nc
en
tr
at
io
n
(
p
p
m
)

|

   “

0 : ' ' ' T

400 450 500 550 600 650 700 750

Temperature (°C)

  
Figure 3.8

Formation of H,O (—) in TPO of soot. Reaction conditions: m(C) = 0.12 g (10
mmol), ¢ (O2) = 6.0 vol. %, N> balance, F = 500 cm*/min (STP), AT/At = 1.5
K/min, soot used of 125-250 pm.

 

 



      

 

Combining the TPO and TPDdata and neglecting the small amount ofadsorbed

_ compounds the chemical composition of soot is determined. The obtained results are

_ summarized in table 3.2 being in line with the literature data reported for the different

_ type of soot (Van Satten, 2000; Setiabudi, 2004). Further more the BET surface area of

the soot is found to be 90 m’/g.

Table 3.2: Chemical composition ofthe soot derived from TPO and TPD data®.

The amounts ofthe adsorbed species are neglected.

 

 

Component Content (wt. %)

Cc 98.8

oO 0.7

H 0.5

N 0.0

 

* the amount ofadsorbed species (2.6 wt. %)is neglected.

In literature carbon, hydrogen, and nitrogen contents were reported to be 70 to

93.4 wt. %, 0.4 to 5 wt. %, and 0.3 to 1 wt. % respectively (Lies et al., 1984; Lies et

al., 1988; Murphy et al., 1981). Ahlstroem et al., 1989; found a remarkable a low

carbon content of 54 wt. %.

Fig. 3.9 represents the TPD pattern of fresh soot with 20 mmol amountinstead

of 10 mmol. Asit is clear from the figure that by doubling the amountofsoot results

in the increase of CO concentration two folds, while a three fold increase in the

concentration of CO, was also observed. The experiments were performed in the same

reaction conditions that were used for 10mmolsoot.

 

Fig. 3.10 and 3.11 shows the TPD of the fresh soot that was preliminary

exposed to 6.0 vol. % oxygen at 100 °C and 300 °C, respectively. The soot which is

exposed to 6.0 vol. % oxygen at 100 °C adsorbed less amount ofoxygen as compare to

the exposure at 300 °C. As a result at 700 °C, the maximum COconcentration is 70

ppm for oxygen exposure at 100 °C, while at 300 °C exposure it is 100 ppm. The

maximum CO)concentration at 600 °C is 15 ppm and 25 ppm respectively.It is clear 45



from these results that as the temperature increase the O, adsorption on the soot

surface also increases.
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Formation of CO (— —) and CO, (—) in TPD ofsoot. Reaction conditions:
m(C) = 0.24 g (20 mmol), N2 flow = 500 cm*/min (STP), AT/At = 1.5 K/min,
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| Figure 3.10

TPDpattern ofthe propene soot. Conditions: m(C) = 0.12 g (10 mmol), c(O,)=
6.0 vol.%, N2 balance, F = 500 cm*/min (STP), AT/At = 1.5 K/min; soot used of
125-250 um and preliminary O, exposure is at 100 °C.

 



 

 

 

 

 

  

 

= =2<Ce

= 100 ee ! mesic pi eeeeeyc asi

=
=
F

i:

= 60
ie
| ©

=
|S
io

iS 20
~~

0   

 

 

200 300 400 500 600 700 800 900 1000}

Temperature (°C)  
 

Figure 3.11

TPD pattern of the propene soot. Conditions: m(C) = 0.12 g (10 mmol), c(O2)=
6.0 vol.%, N2 balance, F = 500 cm*/min (STP), AT/At = 1.5 K/min; soot used of
125-250 um and preliminary O2 exposure is at 300 °C.

 



 

Fig. 3.12 and Fig. 3.13 represent the TPD of commercial soot (Printex L) and

graphite respectively. As it is clear from the TPD pattern there are very less amount of

 

adsorbed hydrocarbons on the commercial soot as well as on the graphite, as a result

there is very less amount of CO and CO) desorption from the surface of both the

samples and therefore show less reactivity as compare to the fresh soot. The main

reason of fewer hydrocarbons on the both type of carbon sample is due to very low

surface area.
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Figure 3.12

TPDpattern of the commercial soot Printex L. Conditions: m(C) = 0.12 g (10
mmol), F = 500 cm*/min (STP) N2, AT/At = 1.5 K/min, commercial soot is used
of 125-250 um.
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Figure 3.13

TPD pattern of the graphite. Conditions: m(C) = 0.12 g (10 mmol), F = 500
cm’/min (STP) N2, AT/At = 1.5 K/min, graphite is used of 125-250 ym.
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3.2. FTIR analysis of soot, formation and decomposition of SOCs

The scientific understanding of the mechanism of soot oxidation is still the

subject of intensive research although the combustion of carbon is an ancient

practice. Numerous mechanistic studies of the carbon combustion have already

been performed and most researchers use the accumulated literature as the starting

point for understanding the mechanism of soot combustion. However, soot

combustion is in fact more complex due to the complex structure of the soot

containing adsorbed hydrocarbon and impurities, which originates from the fuel

and lubricating oil (Astarita et al., 2000; Yezerets., 2003). The mechanistic nature

ofthe oxidation of soot may involve either activation of carbon atoms within the

particulate or the catalyst acting as a source of activated oxygen which can be

regenerated.

The soot oxidation products, CO and COs, are the results of intermediates

decomposition. They are, in principle various carbon-oxygen functionalities

formed on the surface of carbon particles. Here the intermediates are named as

soluble organic fractions (SOFs). Upon heating, SOFs decompose by releasing CO

and/or CO). The fact that many functional groups give bands in close ranges

explains the appearance of the broad bands. Therefore it is not possible to specify

the functional groups individually.

The TPD technique, which has been often used to characterize surface

complexes, does not allow the exact identification of the chemical form of the

complexes. In order to clarify the chemical form, spectroscopic technique such as

Fourier transform infrared (FTIR) spectroscopy has been utilized by many

researchers.

Fig. 3.14 represents the spectra of the propene soot without pressing &

propene soot pressed at 40 MPa. From thefigure it is clear that both the pressed

and unpressed soot contain the three broad peaks with a shoulder that indicates the

carbon-oxygen complexes with moderately high intensities. It has to be noted that

these broad peaks composed of many carbon oxygen functionalities of high

intensities, which is already presentat the surface of propene soot. The reason for

s
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the comparison betweenthe press and non press soot is actually to see the surface

groups in both the cases. As it is clear from the figure, both types have the same

results and there is no pronounce effect of pressing at high pressure on the soot

surface. Further more the FTIR spectra were taken for the commercial soot

(Printex-L from Degussa) and the graphite which is shown in fig. 3.15 and 3.16. In

both the spectra’s the regions of the different surface complex are quite clear. In

each case the peak at 1770 cm’! are assigned to C=O stretching in lactone and /or

acid anhydride. According to the literature (Socrates, 1980), the distinction

between the former and later groups depends on weather the peak in this range

appears as a singlet around 1750 cm’ or doublets with one falling between 1750

and 1790 cm’andthe other between 1830 and 1880 cm”.
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FTIR spectrum ofthe fresh soot (-) and fresh soot pressed to pellet with 40
MPa (—); data are recorded at 100 “C temperature under N> flow (500
cm*/min).
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Figure 3.15

FTIR spectra of the Printex L; data are recorded at 100 “C temperature
under N> flow (500 cm*/min).

 

 

 



 

 

 

§
“  A

b
s
o
r
b
a
n
c
e

&

 

 

  

 

  
  
 

Figure 3.16

 
FTIR spectra ofthe Graphite; data are recorded at 100 “C temperature under
N> flow (500 cm*/min).

 
 

 



 

   

           

   
  

   

 

    

  

Figure 3.17 represents the spectra of oxidized soot at different percentage.

_ In case of 50% and 75% the peak located between 900 and 1200 cm"and the peak

- located between 1400 - 1600 cm” and 1700 - 2000 cm”are broader.In the case of

_ 25%oxidized sootthe peak located between 900 - 1000 cm’andthe peaks located
_ between 1000 - 1350 cm” and 1420 - 1650 cm"are also broader. Upon heating at

_ 100°C in the inert atmosphere the broad peaks located in between 1600 to 2000
: em’! in case of 25% oxidized soot disappear while a new broad peak appears in

_ between 1430 to 1610 cm”. Otakeet al., 1993; judge from their TPD results ofair-

_ oxidized char that acid anhydride is formed during the oxidation.In another report

: on the TPDanalysis ofair-exposed char confirmed the presence of acid anhydride

> (Zhwanget al., 1994).

Thus although the peak appears as a broad singlet in our case, this peak can

not be attributed only to the lactone groups and the assignment to acid anhydride

also should be taken into consideration.

The amount of surface oxygen complexes was found to increase in range

propene soot, 75 % oxidized > 50 % oxidized > 25 % oxidized. The lowest

spectrum in figure 3.15, represent propene soot with a low carbon conversion level

of a 25 % oxidized.

The peak at 1610 cm’ is a characteristic peak for carbon materials

Morterra et al., 1982; Akhtar et al., 1985; Friedel et al., 1967). The assignment of

_ this peak is howeverstill a matter of argument, whether it can be assigned to

polyaromatic C=C stretching vibration or to carbonyl groups which are highly

conjugated to with the polyaromatic matrix, such as quinones. The aromatic ring

_ stretching modes are known to be enhanced when carbonyl groups are conjugated

E i with the aromatic system. The peak at 1610 cm" can be regarded as a measure of

the amount ofsuch carbonyl. The broad peak at 1200 cm"can be attributed to the

_ C-Ostretching band. It may be composed of two parts, one from ether type

complexes and the other from lactone and/or acid anhydride.

 
On the basis of above discussion, the following reaction scheme of carbon

gasification with O>, can be obtained. 
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Figure 3.17

FTIR spectrum of the 25 % (

cm’/min).

 

wee ), 50 % (---) and 75 % (—>) oxidised
propene soot; data are recorded at 100 °C temperature under N> flow (500

 

 



The typical wave numbers ofcarbon-oxygen complexes are taken from literature

(Molet al., 1998; Fanning et al., 1993; Smith et al., 1995), which are summarized in

table 3.1. These complexes are located at (1) 1810-1665 cm", (2) 1650-1500 cm”(3)

1350-1200 em™

 

Functionality Decomposition IR assignment region

 

 

product
1810-1665 cm 1650-1500 cm 1350-1200 cm™

Quinone co 1573 (C=C)

Ether co 1200-1275 (C-O-C)

Aldehyde CO+CO, 1770 (C=O) 1240-1280 (C-O)

Carbonyl co 1610 (C=O)

Phenol co 1230 (C-O) 1310 (O-H)

Lactone co, 1808 (C=O) 1324 (C=O)

Carboxylic CO; 1752 (C=O) 1172 (C-O)

Important differences in the amount of SOCs, formed upon catalytic oxidation of

soot, have been observed. Catalysts hardly affect the absorption frequencies of the

SOCs: indications for metal oxide/soot interaction such as M-O-C bonds (M for the

transition metal) have not been found. Thus, from IR examinations we derive an absent

or at least a very weak interaction between the surface groups of soot and Fe,0;

catalyst. In principle, such an interaction might occur between Lewisacid Fe™sites of

the catalyst and free electron pairs of the surface oxygen groups of the soot. This could

lead to a decrease in the binding energy of neighbouring (C-C) bonds and thus to an

enhancementofthe attack of O2 as proposed by quantum-mechanical calculation from

Huang et al., 1999. However, our IR data do not support this model of catalytic

oxidation activation. On the other hand the physical contact between soot and catalyst
most likely results in van der waals interaction thus having no impact on the

neighbouring (C-C) bond strength and leading to oxygen migration on the soot away

. from the contact point.
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The IR spectra of the propene soot and fresh mixture of Fe,O;/propene soot are

depicted in figure 3.18. For comparison, the corresponding IR spectrum of pure soot

sample is shown by the bold doted line. These spectra were obtained by pasting the

individual soot samples and Fe2O;/soot mixture on potassium bromide window, which

was prepared by pressing KBr. Pure soot shows a broad absorption around 1800 cm”,

then a peak at 1600 cm” and a very broad absorption between 900 and 1400 cm" .

These regions are the characteristic of absorption by the C=O bond in substituted

aldehydes and ketones and other carbon-oxygen bonds (Akhtar et al., 1985; Akhtar et

al., 1985; Herzberg 1945). The breaths of these spectral features suggest IR absorption

by similar functional groups (e.g. C=O or HC=O) in molecular structures with the

different local bonding environments. As it is clear from the figure that by addition of

catalyst to soot a clear shift of peaks is taking place. In case of Fe,O;/soot mixture the

peak is shifted from 1600 to 1500 cm, while the peak at 1000 cm”is shifted toward

900 cm" with high intensity. The observation is in line with results from Mul et al.,

1998.
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Figure 3.18

FTIR spectrum ofthe pure soot (~ ~ ~) and FeO;/soot mixture (—); data are
recorded at room temperature under N, flow (500 cm*/min)
(n(Fe,03/n(C)=2). 



 

The ratio between the soot and catalyst strongly influences the propene soot

combustion temperature. The influence of catalyst to soot ratio was determined bye
e
e
e
e
R
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varying this ratio. Tight contact mixtures of propene soot with Fe,O; were studied. At

high catalyst concentrations the influence ofcatalyst to soot ratio then has to disappear,

as all soot particles are surrounded by catalyst particles. Figure 3.19 represents the

various molar massratios of catalyst and propene soot. The peak intensities were going

down as the molar mass of the catalyst increases because of high absorbance. The

optimum molar ratio was 2:1 Fe,O3/propene soot which gives good results for the other

_ experiments. High catalyst to soot ratio is, however, not appropriate from an

experimental point of view. The mixture of the catalyst and soot become very dense at

these ratios.

e
e

Figure 3.20 showsthe soot oxidation on FeO; performed at 400 °C in synthetic

air. No significant difference in the spectra’s recorded after 15, 30, 45 and 60 minutes,

which is indicating steady state condition. In addition to the broad FTIR bands appeared

between 900 and 2000 cm, associated mainly with different surface species

coordinated to iron sites; some CO,also formed (Jacquot et al., 2002; Guyonet al.,

2000). This interpretation is in fair agreement with the findings of Davydov, 1990; who

also noted the exclusive formation of coordinated carbonate on Fe,O3;. The FTIR

 

 

spectra of Fe,O;/soot mixture suggesting strongly the conversion of soot to CO).

Fig. 3.21 represents the FeO;/printex mixture, which was exposed to air at 400

C. The bold line represents the spectra in nitrogen flow. As the sample is exposed to

air, the peak intensities are increases with the time and the maximum peak intensity was

recorded after one hour whichis clear from the figure.
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Figure 3.19

FTIR spectra of the various Fe,O;/soot molar ratio, (—) = 1:1, (---) = 2:1, (
= 3:1, (—) = 4:1; data are recorded at 100 “C temperature under N2 flow
cm’/min). (500
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Figure 3.20

FTIR spectra of the Fe,O;/soot mixture exposed to air. (—) = subsequent
treatmentin air at 400 °C after 15 min, (—) = after 30 min, (-----) = after 45
min, (—) = after 60 min; data are recorded at 400 “C temperature under air
flow (500 cm?/min) (n(Fe,0;/n(C) = 2).
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Figure 3.21

FTIR spectra of the FeO;/printex mixture exposed to air at 400 °C. (—) = N>
flow (500 cm*/min), (-----) = subsequent treatment in air at 400 °C after 15
min, (—) = after 30 min, (---) = after 45 min, (—-—) = after 60 min; data are
recorded at 400 ‘C temperature under air flow (500 cm?/min)
(n(Fe203/n(C)=2).
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3.3. Effect of O2 concentration & the catalyst-soot contact on combustion.

Depending on the operation mode, the oxygen concentration in the diesel

exhaust varies between 5 % and 15 % (Uner et al., 2005). In order to determine the

effect of oxygen on catalytic soot oxidation, a single set of measurement was

conducted whereby the same gas flow rate (500 cm’/min) was maintained with

concentration of oxygen (21%).

The type of soot-catalyst contact is one of the factors that influence the

catalytic activity of a catalyst on the soot combustion. Neeft et al. 1996; has defined

nwotypes of contact modes, which were named tight and loose contact. Some catalysts

which were reported as active in tight contact showed less activity in loose contact. In

order to determine the effect of the contact mode on the activity of the different

catalysts, a tight contact mixture of soo/catalyst was prepared by mixing a 2:1 molar

ratio in a mortar. The mixture was pressed to tablets employing a hydraulic press with

a pressure of40 MPa.Thetablet was later granulated to mesh size 125-250 ym.

Shown in figure 3.22, is the TGAplot ofrelative soot combustion as function of

temperature for the Fe,O; catalyst. As it is clear from the figure that temperature ofthe

catalytic soot oxidation is decrease from 420 to 320 °C and at 600 °C there is no soot

particle present. The activity of the catalyst is defined by the combustion temperature,

which is the temperature of the TGA curve where 50% (Tso) of the soot is oxidized. In

these figure of the combustion experiments, the sharp mass loss are attributed to the

thermal runawayreactions(ignition).

As propene soot has a considerable surface area (BET surface area of about 90

m'g''). So the reaction is thought to take place at the interface between soot and

catalyst.

Figure 3.23, 3.24 and, 3.25 represent the TGA profile of catalyst with

commercial soot (printex L), graphite, and activated charcoal respectively. It is

obvious from these figures that Fe,O; could catalyze the combustion ofall types of

carbon samples.

These results clearly show FeO; that show much better catalytic activity to

propene soot combustion than printex L, activated charcoal, and graphite. The reason

.
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e Fig. 3.23.

TGAprofile of catalyst and printex. Reaction conditions: m(Fe703) = 3.19 g (20
mmol), m(C) = 0.12 g (10 mmol), c(O,)= 21.0 vol.%, N; balance F = 500
cm’/min (STP), AT/At = 10 K/min, Fe;O,/soot used of 125-250 um.
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mC) = 0.12 g (10 mmol), c(03)= 21.0 vol.%, Nobalance, F = 500
>;as10K/min, Fe20,/soot used of 125-250am
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0mmol), m(C) = 0.12 g (10mmol), c(O2)= 21.0 vol.%, N>balance,F :
min (STP), AT/At = 10 K/min, Fe,0,/soot used of 125-250 um.

 



  
 

3.4. Soot oxidation activity by the combustion temperature

Table 3.4 shows the Tso values of different carbon samples, with and without
catalyst. One of the possible reasons for this high discrepancy between the carbon
samples is the surface organic fraction (SOF) on their surfaces. As the amount of SOF
on the surface increases, the carbon oxidation is occurring relatively at low
temperature.

 

 

Carbon samples Tse (°C) Fe,O,/carbon samples Ts CC)

Propene soot 700 Fe,0,/propene soot 440

Printex L 740 Fe,0;/printex L 500

Printex U — Fe,O;/printex U aes

Graphite 820 Fe,O;/graphite 750

Activated Charcoal 880 Fe,O,/act.char 630 
 

°Tso is the temperature at which 50 % ofsoot is oxidized.

In synthetic air, the weightlosses profiles are significant. From figure 3.26, and
5.27, it has to be noted that the weight loss is a simultaneous effect of volatilization,
reactive gas adsorption, and oxidation. At higher temperature where soot oxidation
expectedly takes place, the weight loss decreases much faster in air and finally nothing
left. As it is assumed that the desorption ofsurface groups mightalso contribute to the
weightloss at higher temperature, which is clear from the figure 3.26 and 3.28.

Figure 3.27 represent the soot treated in nitrogen flow. For the soot combustion
with air no residual ash was recorded which means all of the soot was burned. When
the soot was treated under nitrogen flow, only 2.6 weight % ofthe soot was loss. This
«s useful for the intended examination of the catalytic reaction between NO, and soot,
as parallel reactions and unwanted secondary effects that may both might be caused by
pronounced presence ofadsorbed hydrocarbons are to be neglected.

Figure 3.28 show that the activated charcoal has high activity than printex and
graphite. It can be seen that the activated charcoal show a TG curve that is

 

 



dramatically different from that of other carbon samples. It is because of the trace
purities ofCu and Fein the sample from the manufacturer specification.
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Fig. 3.26.

TGAprofile of propene soot. Reaction conditions: m(C) = 3.00 mg , c(O,)=21.0 vol.%, N> balance, F = 500 cm’/min (STP), AT/At = 10 K/min, soot used of125-250 pm.
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120

TGAprofile of propene soot. Reaction
cm*/min (STP) No, AT/At= 10 K/min, soot used of 125-250 um.

Temperature (°C)

conditions: m(C) = 32.00 mg, F = 500
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Fig. 3.28.

TGA profile of (....) = Activated Charcoal, (—) = Printex L, and (---) =Graphite. Reaction conditions: m(C) = 3.00 mg, c(O,)= 21.0 vol.%, N2 balance,F = 500 cm*/min (STP), AT/At = 10 K/min, carbon samples used of 125-250um.

 



35. Catalyst performance-Activity  Several aspects ofa catalyst are important to judge its potential. Two important

ones are the onset temperature and the activity at the common exhaust temperature.It

's. however, difficult to translate the results of the powder catalysts tested under

‘sboratory conditions to their performance in an exhaust pipe when deposited on a

filter. It can be concluded from the figure 3.29, on the basis of comparison with the

pure propene sootthat the catalytic activity is very promising. The catalytic activity of

the Fe,O; is very much promising, when Tyaxrate iS found below 400 °C.
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  Fig. 3.29.

Oxidation rate as a function of temperature of propene soot (—) and
Fe,O;/propene soot mixture (---). Reaction conditions: m(Fe,0;) = 3.19 g, m(C)

. = 0.120 g, c(O2)= 21.0 vol.%, N> balance F = 500 cm*/min (STP), AT/At = 1.5
K/min, propene soot used of 125-250 um.
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3.6. Morphology of a-Fe,O;& soot particles

Hematite has a rhombohedrally centred hexagonal structure of the corundum

type with a closed packed oxygenlattice in which two-thirds ofthe octahedral sites are

occupied by Fe (IID) ions (Wanget al., 2004).

The crystal structure is confirmed by powder X-ray diffraction that is performed

®t room temperature on a siemens D 501 employing Nifiltered Cu Ka radiation.

Fc,Os and different forms of the carbon have been studied by X-ray diffraction (XRD).

\RDanalysis revealed that a-Fe,O; obtained was the hexagonal phase (Fig. 3.41).

XRD pattern of the propene soot, graphite, printex 1, and activated charcoal is

also performed at room temperature, which results are shown in (Fig. 3.42), (Fig.

5.43), (Fig. 3.44) and, (Fig. 3.45) respectively.

The X-ray diffraction (XRD) pattern of the a-Fe,O; as prepared product is

shown in Figure 3.1. Majority of the peaks can be easily indexed to rhombohedral

Fe,O3. There are some additional peaks of FeO and Feis also present which represent

the impurity. This result ofXRD confirming that synthesised product is a-Fe,0;.
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Figure 3.41

X-ray diffraction pattern of freshly prepared a-Fe,0;.
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Figure 3.42

 

X-ray diffraction pattern ofpropene soot.
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Figure 3.43

X-ray diffraction pattern of graphite.
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Figure 3.44

X-ray diffraction pattern ofprintex L.
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The BET surface area ofthe different carbon samples were found to range from

4 to 1244 m’g'. Some considerations have to be added to these BET surface area

measurements, as pre-treated different carbon samples are thought to be important.

‘epending on the temperature and time ofthe pre-treatment step, a number of soluble

organic fractions will desorbs. Desorption will; therefore, enlarge the surface area of

the soot. This pre-treatment oxidation at different percentage (25, 50, and 75) resulted

sm the loss of SOF and adsorbed hydrocarbon and in a large increase in the BET

surface area. Data agree with the literature data, particulate desorbed hydrocarbon

fractions are reported in a range of 2 to 75 wt. %(Murphyet al., 1981; Zinbo et al.,

1989; Kishiet al., 1992), and the diesel BET surface area of 35 to 270 mg" have been

found (Ahlstroem., 1989; Murphy et al., 1981; Medalia et al., 1982; Glasson et al.,

1988). Printex U was reported to have a BET surface area of 100 m’g” and a

hydrocarbon content of 6 wt. % (Degussa., 1992). Besides, diesel particulate surface

areas were found to increase as a function of conversion of the particulates typically

from 50 to 100 m’gat 0 % conversion to about 300 or more at 75 % conversion

(Zinbo et al., 1989; Ishiguro et al., 1991).

Figure 3.46 and figure 3.47 represent the BET plot and adsorption / desorption

ssotherm ofthe propene soot.

 

 

 

Samples Oxidation (%) BSA (m’ g")

0 91

25 385
Propene Soot

50 484

75 544

0 152

25 490
Printex L

50 563

75 667    

    



 

Printex U 25

50

15
 

Graphite  
25
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[5.2.3.0] Betsorp Adsorption/Desorption Data Analysis Software 8. Japan, Inc.
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Figure 3.46

BETplot ofthe propenesoot .
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[5.2.3.0] Belsorp Adsorption/Desorption Data Analysis Software GEL Japan, inc.
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Figure 3.47

Adsorption/ desorption isotherm ofthe propene soot.     



 

According to the SEM micrographs, which are shown in figure 3.48 and 3.49,
propene soot is a very fluppy material. It consists of agglomerates of the individual,
small elemental particles which have the average size of 10 to 20 nm. These results
agree well to the literature (Murphy et al., 1981; Medalia et al., 1982; Stevenson.,
1982; Peterson., 1982., Otto et al., 1980; Ishiguro et al., 1991), where diameters ofthe
elemental particles are reported to range from 40 to 45 nm. It is more difficult to
determine the size ofthe size ofthe diesel soot. On many SEM micrographs very large

particulate clusters can be seen, which is clear from figure 3.49, which probably

consist of a number ofindividual diesel particulates. Many particulates can be seen
with the medium sizes of 40 to 45 nm, and the largest particulates encountered were

several tum in size.

Because it had been found that the contact between soot and catalyst is very

important parameter in the catalyzed oxidation of soot, the physical appearance ofthis

is studied for one ofthe catalyst-carbon sample mixture (Fe20;/propene soot).

Figures 3.50 and 3.51 displays the SEM pictures ofthe fresh blend 0%, and the
mixture with 25% and 90% conversion in TPO. Furthermore, it is discernible that the
spherical shape as well as the mean diameter of the soot primary particles do not
change in the oxidation and the particles only collapse, if nearly total conversion is
reached. At a conversion of 99% no more primary particles of the soot or resulting
fragments or observed in the micrograph.
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SEMmicrograph ofthe propene soot at 100 nm magnification. 
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Figure 3.49.

SEMmicrographofthe propene soot agglomerates at 200 nm magnification.

&9

 



 
a
l
e
e
e
c
e
g
S
a
S
g
a

 
Figure 3.50.

i

SEMmicrographof 25% oxidized propene soot at 200 nm magnification. ;
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20 nm X(C)=0% 10 nm X(C) = 90 %

Figure 3.51

SEMpictures of the unreacted mixture of nano-sized FeO; and soot at 20 nm
magnification (left) and of the corresponding mixture that is obtained after
quenching the TPO at a soot conversion of 90% at 10 nm magnification (right),
(Reichert et al., 2008).

91

  
i
:
}
:5

as
3
4   

4
ai

ae
4 b



 

3.7. Kinetics of the catalytic and non-catalytic soot/O, reaction

The soot oxidation always show a maximum ofCO, followed by a continuous

decline, i.e. a steady state is never observed. From the CO,traces which correspond to

the conversions between 10 and 15% the rate of soot oxidation is derived as there the

concentration of carbon oxides is measured reliably (Equation 3.1); V,, is the molar

volumeat 20°C and np the initial molar amountofsoot.

r(COx) = (c(CO) + c(CO,))FV, a7
Ny

Thecatalytic soot oxidation indicates a very similar CO, profile as compared to

the non-catalytic reaction, where COis detected in rather low concentration only. This

effect is associated with the high CO oxidation activity of the Fe,O;catalyst (Reichert

ct al., 2008). As no steady state appears in catalytic as well as non-catalytic soot/O,

reaction the kinetic data are analysed in a particular passion, which is the rates of

certain conversion level obtained at different temperatures are summarised and plotted

in an Arrhenius diagram as shown in figure 3.52 and 3.53.

Apparent activation energy (Eq) is then deduced from the slope of the

regression lines; error propagation of the least square fitting is less than 10%.It is

evident from fig. 3.52 and 3.53, that the overall activation energy of the non-catalytic

soovO, reaction amounts to ca. 210 kJ/mol (X=15%), while for the catalytic

conversionit is found to be significantly lower (56 kJ/mol). This difference evidences

the enhancing effect ofthe Fe,O,catalyst (Reichert et al., 2008).

Our group recently reported that the FeO; catalyst act as an oxygen pump

which continuously transfers oxygen from the gas phase via its surface to the soot

(Reichert et al., 2008). The oxygen transfer occurs at the contact points of both solids

and is maintained up to high conversion levels. This release of oxygen produces

vacancies on the Fe,O;that are refilled by neighbouring surface oxygen leading to a

kind of cascade of formation and refilling of the surface vacancies. Finally vacancies

produced in a certain distance to the contact points are refilled by gas-phase oxygen. It

has been shown that the dissociative adsorption of O) on Fe,O; reveals on activation

 

 

   



 

energy which is very close to 0 kJ/mol, whereas the thermal desorption necessitates
activation energy ofabout 210 kJ/mol (Wagloehner et al., 2008).

It is therefore concluded that adsorption and desorption of oxygen does not
represent the rate-determining step in the catalytic soot/O, reaction. Moreover, for
surface diffusion on solids it is generally accepted that the activation energy is in order
of 10-20% ofthe binding energy ofthe adsorbate (Atkins., 1990). As the adsorption
enthalpy of O2 on FeO; is reported to be ca.120 kJ/mol, our group estimate the
activation energy of surface diffusion to be in the range of ca. 10-25 kJ/mol (Jarvis et
al., 2007). These values are very similar to the apparent activation energy determined
above. Thus,it is assumed that the surface diffusion of oxygen is the rate-determining
step of soot/O) reaction on Fe,O; when carried out under isothermal conditions.
Furthermore, it is speculated that the decrease in activation energy refers to the
adsorption of CO, on the catalyst. It is well-known that in CO, adsorption on oxide
surfaces carbonate species are produced, in which the carbonate legend is coordinated
to one or two Lewis acid Fe®* sites representing oxygen vacancies (Wagloehner et al.,
2008). Thus, the formation of these carbonate complexes should immediately cause
the inhibition of surface diffusion ofoxygen.

The comparison of the activation energy of the soot oxidation in the present
work with theliterature data is difficult as the kinetic parameters strongly depends on
numerous factors, for instance the type of carbonaceous material, it production

210 kJ/molare reported (Neeft et al., 1997; Otto et al., 1980: Stanmore., 2001; Atamny
et al., 1992; Smith., 1978). Thus, present value of 210 kJ/molis in the range of the
reference data.    
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Figure 3.52

Arrhenius plot of In r(COx) for non-catalytic soot/O, reaction. Reactionconditions: m(C) = 5.64 mg, c(O2)= 21.0 vol.%, N> balance F = 500 cm*/min(STP), AT/At = 1.5 K/min, carbon samples used of 125-250 um.
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Figure 3.53 

Arrhenius plot of In r(COx) for Fe,Ocatalyst-soot/O, reaction. m(Fe,0;) =
53.787 mg , m(C) = 2.023 mg , C(O2}= 21.0 vol.%, N> balanceF = 500 cm*/min
(STP), AT/At = 1.5 K/min, Fe,0,/soot used of 125-250 um, (n(Fe,O3/n(C)=2).

 

   



3.8. Evaluation of the number of reactive carbon sites in soot/O, reaction

According to (Equation 3.2), the rate ofCOx formation is considered to depend

on the numberof Cr sites which is deduced from the surface concentration 2 and the

absolute surface area ofthe soot (Equation 3.3).

r(CO,) = kco,n(C, )e(O,)" S32

Equation 3.2 (Reichert et al; 2008) is a corresponding rate law, which is defined

for the COx evolution including the rate constant keo, the amount of Cy sites (n(Cp),

and the gas phase concentration ofoxygen (c(O>)) with its respective oxygen order.

The connection between number C;of sites and soot morphology, e.g. absolute

surface area (S(X)) that changes with the soot conversion (X), can be simply described

by Equation 3.3; 4 represent the surface concentration ofC; sites.

n(C,) = AS(X) oa

The evaluation of the reactive surface area (SCQV/So) with proceeding

conversionfirstly increases goes through a maximum and declines finally as shown in

figure 3.54 the developmentis satisfactorily described by neither the shrinking core

nor the random pore model, whereas the later reveals a much better approximation.

Hence our group empirically advance the formula from Bhatia et al., 1980; by

implementing the factor f and the exponent 1/q (Equation 3.4); with f = 300 and q=3

the experimental data are described well as shown in figure 3.54.

  
Ja 1
“oO =(1-X)1+ (x)? 3.4

Where S@Qis simply calculated from the BET surface area and the mass of

soot (m(X)), (Equation 3.5) remaining in oxidation.

m( X) = m,(1-—X) 3D

In accordance with the literature (Marcucilli., 1994), the surface the surface
concentration of the C;sites is estimated by TPD.2 is then obtained by coupling the
amount ofCOx released and the mass ofsoot with BET surface area. It is obvious that
this approach is a rather rough approximation which involves the following    



 

assumption: (a) each desorbed COx molecule leads to the formation ofone Cy site; (b)

the production ofH2O in TPDis not considered to produce Cy sites; (c) the number of
COx desorbed directly after the O pre-treatment is neglected; (d) in soot oxidation

present SOC species desorb to form C; sites.

The total amount of COx respective BET surface area (Sper) and the resulting

surface concentration of SOC species of the fresh and pre-treated soot samples are

summarized in table 3.1. From the assumptions stated above a very similar surface

concentration of Cysites is inferred regardless of the pre-treatmentof the sample, the

average value of } is 8.7umol/m*. This result is in the same order of magnitude as
reported by Ahmad amounting to 18-57 ymol/m’ (Ahmad et al., 1985).

Table 3.1 BET surface area and the total amount of SOC species of the soot samples
oxidized to the specific conversion levels (Reichert et al., 2008).
 

 

 

X%

0 25 50 75

Sper (m’/g) 91 385 484 544

n(COx) (mmol/g) 0.86 3.73 3.88 4.24

n(COx)(umol/m’) 9.4 9.7 8.0 7.8
 

    



 

S(X)/So
 

 

 

   
 

 

XC (%)   
Figure 3.54

Evolution of S(X)/Sp with proceeding conversion of soot: experimental data (*),
are compared with the shrinking core model (....), random pore model from
Bhatia (a=50 ;---), and the empirical model defined by equation 3.4 (Reichert
etal., 2008).
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3.9. Global kinetic modelling ofthe catalytic & non-catalytic soot/O; reaction

In the TPO from TG studies the time dependent soot conversion (X (t)) is

amenable by integration of the molar flux of COx evolved (Equation 3.6).

Furthermore, temperature is a linear function oftime (Equation 3.7).

XYgjneefe(Co, )Fat 3.6
rr)

T =T, + Bt 37

Then,the rate ofCOx formation is defined by subsequentnon-linear differential

equation (Equation 3.8); Ty is set O K.  
1(CO,) =np 3.8

By combining Equations (3.2, 3.3, 3.3, and 3.4) and describing kco, with an
Arrhenius expression, that includes the pre-exponential factor Aco, and the apparent
activation energy Eq, cox, the global rate of the catalytic and non-catalytic soot/O,

reaction is describe as follows:

ns= AcooF!"aSym(1— XV1+ fX)"e(0,) 3.9

For the catalytic conversion 2, f and q are adopted from the non-catalytic

reaction. Additionally, with the exception of the different pathway of the
chemisorption of oxygen our model includes the same mechanism of the soot

oxidation and changes in morphology in the absence and the presence of the Fe,O;

catalyst.

In accordance with the literature the apparentreaction order of this assumed to
be I (n = 1) (Stanmore et al., 2001). Additionally, for the non-catalytic soot/O,
reaction, the apparentactivation energy is taken from the TPO of TG experiments.
Acox is kept as free parameter which is estimated by non-linear regression method.
The results of the calculation are shown in figure 3.55, and 3.56 respectively,
indicating satisfactory description ofthe TPO profile ofsoot/Oconversion.   



 

In the presence ofcatalyst the soot oxidation is significantly enhanced as shown

in figure 3.56, for instance the peak concentration ofis shift to ca. 210 K to lower
temperatures.
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Figure 3.55

Comparison of the experimental COx concentration (—) and soot conversion
(---) in the non-catalytic soot/O, reaction. Reaction condition: m(C) = 0.120 g
(10 mmol), c(O2)= 21.0 vol.%, N2 balance, F = 500 cm*/min (STP), AT/At = 1.5
K/min, Soot used of 125-250 um.
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Figure 3.56

Comparison of the experimental COx concentration (—) and soot conversion
(---) in the presence of Fe,O; catalyst soot/O, reaction. Reaction condition:
m(Fe203) = 3.19 g (20 mmol), m(C) = 0.12 g (10 mmol), c(O2)= 21.0 vol.%, N>
balance, F = 500 cm*/min (STP), AT/At = 1.5 K/min, FeO,/soot used of 125-
250 um, (n(Fe2O3) / n(C) = 2). 
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CHAPTER-4

CONCLUSIONS

The current research activities address the environmental catalysis

with particular focus on the removal ofdiesel soot from automotive exhaust. A crucial

part of the research implies the development of a fundamental understanding of the

surface chemistry of iron oxide catalysts.

t
h

10.

The main results ofthis investigation can be summarized as follows:

Our objective was to search for noble metal free diesel soot oxidation catalyst by

establishing technique ofheterogeneous catalysis.

One of the most important properties of the good soot oxidation catalyst is its

ability to maintain its activity over a long period.

In the present study, it is revealed that FeO; catalyst exhibited high activities

and selectivity to oxidation of soot in the temperature range of420 °C. So FeO;

is a reasonable active soot oxidation catalyst.

Without Fe,O;catalyst, the maximum soot oxidation to CO, is taking place at

the temperature of 580 °C.

PXRD analysis confirmed the hematite (FeO).

From SEM micrographs it is clear that the soot sphere has the size of 45 nm,

which are coagulated to form large agglomerates with the size ranging up to

micrometer scale.

The BET surface area of the different carbon material and the catalyst was

determined.

The role of O in the combustion of soot is investigated by analysing the soot

combustion characteristics and the FTIR spectra of the surface oxygen

complexes (SOFs)as soot oxidation intermediate.

Oxidation of soot in oxygen yields several oxygen complexes (SOCs). The

amount ofSOCs increases with soot conversion.

In TG experiments, the sharp mass loss attribute to the thermal runaway reaction

(ignition).
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The chemical form of the surface complexes was estimated from the results

obtained from TPD/FTIR study.

Soot from the various sources is structurally similar, and similar to commercial

carbon blacks.

The reactivity towards oxygen is similar to that of other carbon (printex 1,

graphite, and activated charcoal).

The control of soot emissions from automotive engines can now be achieved by

installing filter monoliths in the exhaust line. These traps must be periodically

regenerated by burning the deposited soot. This filtration device can be

associated with the use of fuel additives to decrease the ignition temperature of

the soot material by a catalytic effect.

Theparticulate emission, particularly soot, can be removed substantially by the

application of soot filters, which can work efficiently in the CRT-system

(Continuously Regenerating Trap).

Hence, the present work is aimed to develop a non-hazardous CRT catalyst

showing high performance as well as physical stability even at elevated

temperature. Looking to the thermal stability and remarkable CRT activity,

(Because it is known that FeO;is thermally stable up to 1200 °C and exhibits

remarkable CRTactivity) iron oxide will be used as catalyst.
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