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Chapte rr  1 

Genera ll  Introductio n 

1.11 Backgroun d 

Exhaustss of vehicles severely contribute to environmental pollution. While exhausts of 

gasoline-fuelledd engines, operating near to stoichiometric air/fuel ratios, have been 

successfullyy cleaned by widely used commercial three-way catalytic systems, no emission 

abatementt technology has yet been found for Diesel engines. Thereby the market 

penetrationn of Diesel engines in the passenger-car and heavy-duty vehicles increases, as 

theyy combine a high fuel economy with high durability and low maintenance costs. One of 

thee main drawbacks of Diesel engines is the fact that these are responsible for the 

emissionn of soot particles, which are suspected to cause severe health problems. For this 

reason,, the US, Japan and Europe are tightening their particulate emission limits for 

passengerr vehicles as well as for light- and heavy-duty vehicles equipped with Diesel 

engines.. In the next section, the environmental and health problems will be briefly 

explainedd with respect to increasingly strict exhaust emission legislation. More on the 

formationn of diesel soot and its structural complexity can be found in the appendix. 

Soott emission from Diesel engines can be reduced in various ways, such as by using fuel 

additives,, modification of the Diesel engine design, or the installation of an exhaust after-

treatmentt system. Currently, the trapping of soot particles in a monolithic filter with 

simultaneouss oxidation seems to be the best option to realise soot emission abatement. 

Ceramicc soot traps are state of the art, but the continuous in-situ regeneration of these 

filterr elements is not. While filters coated with oxidation catalysts are presently available, 

filterr or exhaust heating is still required due to the high ignition temperature of Diesel soot. 

Inn this work, the feasibility is studied of using a microwave sensitive catalytic material as a 

filterr coating. Thereby in-situ regeneration of the soot filter can be accomplished by 

exposingg it periodically to a dielectric field. The advantages of dielectric heating are a very 

highh level of controllability, the high selectivity of heating and its instantaneous nature. 
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Ideally,, the high loss susceptor materials to be used as a filter coating would at the same 

timee be oxidation catalysts. For this reason, we opted to use perovskite-type oxides. 

Thesee materials have both advantageous dielectric and catalytic properties. In the 

remainderr of this chapter, dielectric heating and the physical, dielectric and catalytic 

propertiess of perovskites will be discussed in detail. We will focus on the theory of 

dielectricc heating, measurement techniques and important parameters related to dielectric 

behaviorr of high loss materials. Finally, an outline of the thesis is given. 

1.22 Environmenta l impac t of Diesel soo t and lega l measure s 

Diesell exhaust is a complex mixture comprising various hazardous particles and vapors, 

somee of which are known carcinogens. Based on extensive research, 42 constituents of 

Diesell exhaust have been listed by the State of California as Toxic Air contaminants, such 

ass carbonaceous combustion residues, antimony compounds, creosol isomers [1]. 

Inn addition to the carcinogenic nature of the vapors, fine solid particles from Diesel exhaust 

aggravatee respiratory illnesses such as bronchitis, emphysema and asthma and are 

associatedd with premature deaths from cardiopulmonary disorders. For this reason, 

tighteningg particulate emission limits for Diesel engines is inevitable. Table 1.1 shows the 

Europeann and Japanese emission standards for passenger cars and heavy-duty vehicles. 

Tablee 1.1: European emission standards for new passenger cars (in g/km) and new heavy-duty 

vehicless (in g/kWh) [2]. 

Europeann emission standards for new passenger cars 
Phase e 
Euroo I 

Euroo II - IDI 
Euroo II - Dl 

Euroo III 
Euroo IV 

Euroo I 

Euroo II 

Euroo III 
Euroo IV 
EuroV V 

Year r 
1992 2 
1996 6 
1999 9 
2000 0 
2005 5 

HCC + NOx 

0.97 7 
0.7 7 
0.9 9 
0.56 6 
0.3 3 

Europeann emission standards for 
1992,, <85kW 
1992,, >85kW 

1996 6 
1998 8 
2000 0 
2005 5 
2008 8 

1.1 1 
1.1 1 
1.1 1 
1.1 1 
0.66 6 
0.46 6 
0.46 6 

NOx x 

--
--
--

0.50 0 
0.25 5 

neww heavy-duty 
8.0 0 
8.0 0 
7.0 0 
7.0 0 
5.0 0 
3.5 5 
2.0 0 

CO O 
2.72 2 
1.0 0 
1.0 0 

0.64 4 
0.50 0 
vehicles s 
4.5 5 
4.5 5 
4.0 0 
4.0 0 
2.1 1 
1.5 5 
1.5 5 

TPM M 
0.14 4 
0.08 8 
0.10 0 
0.05 5 
0.025 5 

0.612 2 
0.36 6 
0.25 5 
0.15 5 
0.10 0 
0.02 2 
0.02 2 

*:: total particulate matter 

2 2 
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Ass can been seen, in 2005, only new light-duty vehicles that produce less than 0.025 g 

TPM/km,, and new heavy-duty vehicles that produce at most 0.02 g TPM/km will be 

allowedd in the EU. 

Inn Asia, in 2000, the Hong Kong government earmarked US$ 180 million to dramatically 

reducee vehicular emissions by 2005 [3]. The money is being spent on a number of 

initiativess including the Diesel-retrofit program, which is aimed at cleaning up older 

mediumm - and heavy-duty vehicles that do not meet current emission standards. In Japan, 

thee Japan's Ministry of the Environment adopted new, very stringent Diesel emission 

standardss for new Diesel engines and vehicles manufactured from the fall of 2005 (see 

tablee 1.2). 

Tablee 1.2: Japan's emission standards for heavy-duty trucks and buses over 3.5 tons (in g/kWh), 

andd passenger cars and small to medium-sized trucks and buses (in g/kWh) [3]. 

Japan'ss emission standards for heavy-duty trucks and buses 

TPM M 

NOx x 

Beforee 2005 

0.18 8 

3.38 8 

Afterr 2005 

0.027 7 

2 2 

Reductionn (%) 

85 5 

41 1 

Japan'ss emission standards for passenger cars and small to medium-sized trucks and buses 

TPM M 

NOx x 

0.052-0.06 6 

0.28-0.49 9 

0.013-0.015 5 

0.14-0.25 5 

75 5 

50 0 

Comparedd to EU and VS, Japan will have the most stringent Diesel emission standards in 

thee world. 

1.33 Soo t emissio n abatemen t technologie s 

1.3.11 Non-catalyti c Diesel soo t filte r regeneratio n 

Inn exhaust control technologies, soot emission is controlled by particulate traps, involving a 

filterr that can be regenerated or replaced. A minimum exhaust temperature of 

approximatelyy 673 K to 723 K is required to initiate and sustain regeneration by soot 

oxidationn [4]. The Diesel exhaust temperature is in general lower than the soot light-off 

temperature.. The required high temperature for complete regeneration is obtained by the 

energyy released during the exothermic soot oxidation, so called self-supporting 

3 3 
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regenerationn [5]. However, this type of regeneration can easily get out of control; an 

unevenn distribution of soot in the filter may lead to uncontrolled oxidation. When this 

occurs,, very high temperatures or temperature gradients may lead to melting or cracking 

off the filter, respectively [6]. Moreover, as soot is trapped in the filter, the flow through the 

filerr becomes restricted. The resulting increased pressure drop over the filter would cause 

aa decrease of the operating efficiency of the Diesel engine. 

1.3.22 Catalyti c Diesel soo t filte r regeneratio n 

Inn general, two technological approaches with respect to the catalytic particulate filter 

regenerationn can be distinguished. In case of passive regeneration, no energy is added to 

thee system. Catalysts are often used for this application at temperature of the exhaust 

streamm around 673 K to 723 K [4]. In many cases, the light- and medium-duty Diesel 

exhaustt temperatures are too low for efficient passive filter regeneration. Active soot filter 

regenerationn can be accomplished by an external energy source, such as a fuel burner, 

andd electric heater with or without the use of catalysts. Active regeneration causes less 

restrictionn than in passive systems, but the cost of added energy will lead to a higher 

consumptionn of fuel [6]. 

Passiv ee regeneratio n The most simple and common means for passive regeneration 

iss the use of catalytic fuel additives, which are usually metal-based compounds additives, 

i.e.. with Ce, Cu, Fe, Na, Pt and Li [7]. The compound may lower the ignition temperature 

off soot. Worldwide, this strategy is being applied successfully. However, adding metal 

compoundss to fuel raises concerns about the potential effects on human health. Many 

metalss and metal compounds are toxic or may cause changes in emissions that increase 

thee exhaust toxicity, such as increased emission of dioxins [8]. 

Duringg the last decade several research groups have tried to develop catalysts that lower 

thee Diesel soot light-off temperature. In table 1.3, soot combustion temperatures in the 

presencee of various catalysts are given, with soot combustion without the use of catalyst 

includedd as a reference. The catalysts were tested under simulated model conditions. 

4 4 
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Tablee 1.3: list of results for different soot oxidation catalysts reported by different authors 

Catalyst t 

Cu/Nb/K K 

K4V207 7 

Cu/K/V/CI I 

KV033 + Kl 

Co/MgO O 

CsV033 + KCI 

Cu/KyTi02 2 

Co/K/MgO O 

CuA//Zr02 2 

Noo catalyst 

TPP (K) 

573 3 

633 3 

638 8 

652 2 

656 6 

698 8 

716 6 

790 790 

858 8 

894 894 

Samplee mixing 

Mech.. Mixed 

Mech.. Mixed 

Mech.. Mixed 

Mech.. Mixed 

Mech.. Mixed 

Mech.. Mixed 

Balll milling 

Mech.. Mixed 

Mech.. Mixed 

--

Modell soot 

Collectedd from a Diesel 

fuell burner 

Carbon n 

Carbon n 

Carbon n 

Collectedd by burning 

commerciall Diesel fuel 

(YPE,, Argentina) 

Carbon n 

Obtainedd from Renault 

Collectedd by burning 

commerciall Diesel fuel 

(YPE,, Argentina) 

Printex-U U 

Printex-U U 

Ref. . 

[9] ] 

[10] ] 

[11] ] 

[10] ] 

[12] ] 

[11] ] 

[13] ] 

[12] ] 

[14] ] 

[14] ] 

*:: TPO peak temperature 

Ass can be seen, Cu/Nb/K catalysts may reduce the soot combustion temperature by at 

leastt 320 K, while Cu7V/Zr02 is less active in soot combustion. A group of metal oxides 

withh the perovskite structure, such as KVO3 and CsV03 , were found to have a high 

catalyticc activity in soot oxidation. A problem typical to the catalytic oxidation of solids, 

suchh as soot, is that the microscopic contact between soot and catalyst is generally poor, 

therebyy limiting the efficiency of catalysis. Further the soot oxidation temperature may vary 

ass a result of differences in origin, composition and structure (see appendix A). In general 

thee exhaust temperatures of Diesel Engines are low as compared to light-off temperatures 

off soot and thus additional preheating is normally required for practical conditions, even 

whenn applying active soot oxidation catalysts. 

1.44 Regeneratio n of soo t filter s usin g microwav e and catalyti c coatin g 

material s s 

Inn contrast to dielectric heating, the energy during conventional heating is transferred 

throughh heat conduction. The drawback of such thermal incineration methods is that 

5 5 
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energyy is required to heat both the soot and the filter to a sufficiently high temperature. 

Repeatedd heating will shorten the lifetime of the soot filter [15]. 

Inn the last two decades, interest in microwave heating has increased due to the rapid, 

selectivee heating, and enhancement of the reaction rate and selectivity, especially for 

organicc synthesis with and without catalysts [15-20]. The ability of a material to be heated 

inn a microwave field depends on its dielectric properties. In the case of soot filter 

regeneration,, the energy may therefore pass through the microwave-transparent ceramic 

filterr material (e.g. cordierite) to instantaneously heat the target material (soot) in the inner 

partt of the filter system. As soot is a microwave sensitive material, it will interact with 

microwavee radiation and heat up [15]. The scheme for microwave-assisted in-situ catalytic 

soott filter regeneration is shown in figure 1.1. 

Ceramicc substrate 

Figuree 1.1: Schematic representation of microwave-assisted in-situ catalytic soot filter 

regeneration. . 

Whenn a soot filter that is coated with a microwave sensitive material is exposed to a 

dielectricc field, soot ignition temperatures can be reached and soot oxidation may become 

self-sustainable.. The ideal coating material would also be an active oxidation catalyst, 

allowingg oxidation of formed side products like CO during soot burn-off. On this matter, the 

directt heating of the exhaust stream, together with electrical connections or moving parts 

6 6 
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inn the exhaust will not be required. Therefore, the use of dielectric heating as an energy 

sourcee is more attractive than traditional conventional heating. For the present propose, 

findingg a suitable coating material with favourable dielectric and catalytic properties is 

crucial. . 

Thee fundamentals of dielectric heating will be explained in order to understand 

correspondingg mechanisms and theory. An overview of the dielectric properties of soot 

samples,, some support materials and metal oxides will be given in the next section. 

1.55 Microwav e heatin g and suscepto r material s 

1.5.11 Theor y of microwav e heatin g 

MechanismsMechanisms of dielectric heating 

Microwavess are electromagnetic waves with a wavelength (X, [m]) ranging from 1 mm to 1 

mm (domestic microwave ovens operate at a frequency of 898 MHz or 2450 MHz). As with 

alll electromagnetic radiation, microwave radiation can be divided in an electric and a 

magneticc field component. The electric field component is responsible for dielectric 

heating,, which occurs via two major mechanisms, as shown in figure 1.2 [21-23]. 

^ 4 > > 
# # 

^ ^ 

or or 
(b) ) 

Figuree 1.2 Dielectric heating mechanisms: dipolar polarization (a) and dielectric conduction (b). 

7 7 
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Dipola rr  polarisatio n Dielectric materials have their electrons bound by atomic and 

molecularr forces, and thus behave as an insulator. When subjected to an electric field, the 

dominantt electric charges will align with the field, as shown in figure 1.2a. Some of the 

energyy involved in moving the electron cloud is lost to friction forces with other atoms. This 

continuouss alignment and realignment with an alternating field gives rise to the electric 

fieldd loss and consequent dissipation into molecular kinetic energy [23]. Some substances 

likee 0 2 and N2 are electrically neutral and couple therefore weakly to a varying electric 

field.. Other substances like H20 molecules display very strong microwave coupling. Those 

compounds,, which dissipate heat, are known as high loss materials. 

Dielectri cc  conductio n The loss mechanism for conductors differs from that of the 

dipolarr polarisation present in dielectrics, since conductive materials have free electrons. 

Thesee free electrons will migrate through the material in the presence of an alternating 

electricc field, which leads to friction heating, i.e. the conversion of kinetic energy into heat 

(figuree 1.2b). This mechanism is especially important at lower frequencies. 

TheThe complex permittivity 

Thee dielectric properties of a material can be characterized by the complex permittivity e: 

ee - e'-/e" 0 ) 

j n ee r e a | part £' is the dielectric constant and the imaginary part s" is the dielectric loss 

factor.. The dielectric constant is a direct indication of the ability of a dielectric material to 

storee electrical potential energy under the influence of an electric field. The dielectric loss 

factorr is a direct measure of how easily this energy can be dissipated into heat; E' and e" 

aree dependent on temperature, frequency and composition of the material. The ratio of the 

reall s' and imaginary e" is known as the dielectric loss tangent: 

t a n ^ f ^ ll  (2) 
*'' Q 

8 8 
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Inn this relation, S represents the loss angle; Q is the reciprocal of the loss tangent and is 

calledd the quality factor. The loss tangent compares the ability to store and to dissipate 

electricall potential energy. 

Whenn a material is heated by microwave irradiation, the power absorbed by the material, 

PP (W-m"3), is proportional to the frequency of the alternating electric field (f, [MHz]), to the 

losss factor and the squared intensity of the electric field (E, [kVm"1]), as shown in equation 

33 [6]: 

P^ljrfe^EP^ljrfe^E11 (3) 

Inn this expression, the term so represents the dielectric permittivity of vacuum. Clearly, the 

dissipatedd power is directly proportional to the loss factor. 

Anotherr important parameter of the dielectric properties of a material is the penetration 

depthh (Dp, [m]) during the microwave irradiation. This parameter is defined as the distance 

overr which the power density has decreased to 1/e of its original value at the surface. The 

penetrationn depth is given by [21-23]: 

Inn equation 4, c represents the speed of light (3-108 m-s"1). A combination of large s' and 

relativee small e"\s required in order to enable uniform heating. 

Thee measurement of complex dielectric permittivity requires specialized techniques. For 

frequenciess below 100 MHz, bridge and Q-meter methods are employed. Above 100 MHz 

thee measurement can be accomplished in coaxial lines or wave-guides. Above 10 GHz 

freee space methods are used [22]. For industrial purposes, frequencies between 400 < f< 

30000 MHz are most commonly used. At these frequencies, measurement techniques for 

dielectricc properties usually consist of a wave-guide in the form of coaxial conductors with 

thee test material forming part of the dielectric medium between the conductors. 

9 9 
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1.5.22 Suitabl e suscepto r material s 

Ass mentioned above, soot may obtain a high T by exposure to a dielectric field. However, 

followingg burn-off of a certain amount of soot, the remaining soot is not able to maintain 

thee reaction temperature. Correspondingly, the conversion rate of soot combustion drops 

[24].. Moreover, uncontrolled oxidation leads to the formation of CO, which is also the 

compoundd that we try to eliminate from the exhaust gas [15,25,26]. For this reason, the 

needd of a coating material, which is high dielectric loss material as well as active oxidation 

catalyst,, becomes apparent. In table 1.4 the complex permittivities of soot, support 

materialss and metal oxides are summarized. 

Tablee 1.4: the complex permittivities of soot, support materials and metal oxide catalysts based on 

thee experimental results of Ma et al. [15]. 

Sample e 

Soot t 

Cordierite e 

Y-Al203 3 

Si02 2 

Ti02 2 

Zr02 2 

Fe203 3 

CuO O 

V2O5 5 

Cu/Ti02 2 

Fe/Ti02 2 

V/Ti02 2 

Pd-chloride/Ti02 2 

£ £ 

10.695 5 

2.873 3 

3.006 6 

3.066 6 

7.020 0 

4.214 4 

7.420 0 

3.294 4 

7.635 5 

4.637 7 

5.047 7 

6.915 5 

5.189 9 

e" e" 

3.561 1 

0.138 8 

0.170 0 

0.215 5 

0.430 0 

0.186 6 

0.219 9 

0.170 0 

0.504 4 

0.250 0 

0.096 6 

0.374 4 

0.009 9 

Tann 5 

0.333 3 

0.048 8 

0.057 7 

0.070 0 

0.061 1 

0.044 4 

0.030 0 

0.052 2 

0.066 6 

0.054 4 

0.019 9 

0.054 4 

0.002 2 

Tablee 1.4 demonstrates that the complex permittivity of soot samples is significantly higher 

thann that of many conventional catalyst support materials and metal oxides. A common 

filterr substrate material, cordierite, shows the lowest ë and e" values, indicating that it is a 

weakk absorber of microwaves. The support materials show a moderate dielectric loss, 

whilee Ti02 has the highest ë and e" values. The complex permittivity of the catalysts, both 

supportedd and unsupported, were in the same order of magnitude as the support materials 

10 0 
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andd were all higher than cordierite. The highest values of complex permittivity for the 

catalystss are found for unsupported vanadium and iron oxides. 

Largee differences exist in the dielectric properties of metal oxides, which has been 

reportedd by Mingos et al. [27] and Takatsu et al. [28]. The results of the latter with regard 

too the dielectric heating behaviour of cobalt based perovskites, coated on cordierite, are 

listedd in table 1.5. 

Tablee 1.5: Microwave heating of some 0.2 g cobaltite perovskites coated on cordierite matrix (6 

mil-4000 cpi), in the shape of 15 mm cube, in a 200 W microwave furnace (2.45 GHz). Initial 

temperature:: 293K. Surface temperatures were measured with an infrared pyrometer. 

Material l 

None e 

SrCo03 3 

LaCo03 3 

La00 6Sr0.4CoO3 

Lao8Sro2Co03 3 

Ndo.aSro.15K00 05C0O3 

Ndo.eSr015Na00 05C0O3 

T(K)) after 10 s 

302 2 

603 3 

734 734 

570 570 

572 2 

605 5 

537 7 

TT (K) after 20 s 

304 4 

692 2 

785 5 

605 5 

607 7 

675 5 

657 7 

Thee temperature rise of the cordierite surface is small, corresponding to a small dielectric 

losss factor. Therefore cordierite represents a non-absorbing filter substance. The 

monolithss coated with perovskites show a large temperature rise, with the largest rise 

shownn for LaCo03, indicating a strong microwave coupling. Clearly, perovskites can be 

consideredd as potentially suitable coating material for microwave-assisted in-situ soot filter 

regeneration. . 

1.66 Perovskite s as microwave-sensitiv e and catalyti c activ e material s 

Perovskitess are a large family of oxides with a specific crystal structure (see below) whose 

namee has been derived from CaTi03, which was originally known as perovskite. This 

parentt material was first described in 1839 by the geologist Gustav Rose, who named it 

afterr the Russian mineralogist Count Lev Aleksevich Perovski [29]. Chemists and 

physicistss have been studying perovskite-type oxides extensively in various applications, 

suchh as catalysis, as fuel cell electrodes, and superconductors [30-32]. Over the last 

11 1 
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decades,, perovskite-type oxides have been of broad interest as oxidation catalysts 

becausee of the ease with which oxygen is reversibly taken up into and removed from the 

structure.. They display a high catalytic activity and thermal stability in a number of 

oxidationn reactions [33,34]. A renewed interest in perovskites was triggered in the early 

1970s,, when LaCoCb was first proposed as an oxidation catalyst for automobile exhaust, 

alternativee to Pt. Catalytic performance in automotive exhausts control [15,30,33,35-38] 

andd dielectric properties [39-41] have been widely studied. 

1.6.11 Crysta l structur e 

Perovskite-relatedd materials are represented by the general formula ABO3. The A ions can 

bee rare earth, alkaline earth, alkali or other large cations, whereas the B ions are 3d, 4d or 

5dd transition metals ions. A and B cations are restricted by the requirement that A and B 

mustt be stable in respectively dodecahedral and octahedral coordination position [42]. 

Althoughh the most interesting perovskite compounds are oxides, some carbides, nitrides, 

halidess and hydrides with this structure also exist [42]. 

AA wide variety of combinations of metal compounds yield a stable perovskite crystalline 

structure.. However, the preparation method is of great importance for the ultimate end use 

(seee appendix B). The diversity is greatly enhanced by the possibility of synthesizing multi-

componentt perovskites by partial substitution of the cations A and B, which gives rise to 

thee following formula: Ai-xA'xB^yB'yOa (0 < x, y < 1). The (cubic) perovskite crystal structure 

iss represented in figure 1.3. 

Figuree 1.3: Unit cell of an orthorhombic perovskite structure (AB03 with A = Y, La and B = Mn). 

Thee unit cell of the simple perovskite structure is shown (right) with rotated coordinate system [43]. 

12 2 
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Inn the ideal cubic structure, the B-0 distance is equal to a/2 (a is the cubic cell length unit), 

whereass the A-0 distance is a/V2, which leads to the following relationship between the 

ionicc radii: 

rrAA+r+r 00={r={r BB+r+r 00)4l)4l (6) 

However,, some ABO3 compounds were found to retain the cubic structure, even through 

thiss equation was not exactly obeyed. Goldschmidt thereupon introduced in 1926 the 

tolerancee factor f, which is a function of the empirical ionic radii, and is a measure of the 

deviationn from the ideal situation, applicable at room temperature [44]: 

t=t=  r*+r° (7) 
{r{r BB+r+r 00)42 )42 

Althoughh for an ideal perovskite t is unity, this crystal structure has also been found for 

lowerr values (0.75 < t < 1.0). The ideal cubic perovskite structure appears for some 

compoundss with a f-factor very close to 1 and at high temperatures. 

Inn most cases however, different crystalline structures appear due to various deviations. 

Thee distortions caused by those deviations can be attributed to the size and valence of the 

ions,, which yields different crystalline structures with rhombohedral, orthorhombic and 

tetragonall symmetries. The tetragonal symmetry and others like monoclinic and triclinic 

aree scarce and have been poorly characterized [44]. 

Non-- stoichiometr y in perovskite s 

Besidess the ionic radii requirements, another condition to be fulfilled is electroneutrality, 

i.e.,, the sum of charges of A and B equals the total charge of oxygen anions. However, 

deficienciess of cations at the A- or B-sites or of oxygen anions are frequent, which results 

inn defective perovskites. The Non-stoichiometry in perovskites has been widely discussed 

inn several research works [42,45,46]. Defective perovskite structures are often formed 

whenn a partial cation substitution does not yield a new phase, but a single phase. In true 

non-stoichiometricc phases, vacancies in the crystalline lattice are created by charge 

compensation,, formation of alternative metal oxide species (e.g. A03, B03) and the 
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introductionn of dopant metal ions. The arisen defects can aggregate to form defect 

clusters,, which may result in super-lattice ordering of small units of a second structure 

intergrownn within the parent matrix [47]. 

Oxygenn non-stoichiometry 

Oxyge nn exces s Oxygen excess non-stoichiometry in perovskite oxides is not as 

commonn as oxygen-deficient non-stoichiometry, which can be explained by the fact that 

thee introduction of interstitial oxygen in the perovskite structure creates instability [44]. Until 

now,, only a few examples of perovskites with apparent oxygen excess are known. For 

instance,, the best-characterised perovskite showing oxidative non-stoichiometry is 

LaMn03+x,, which has been reported by Voorhoeve et al. [48], Vogel et al., [49], Taguchi et 

al.,, [50] and Kamegashira et al., [51]. This can be achieved by the introduction of cation 

vacanciess at the A- and/or B-site. For example, in LaMn03.i2 (8' = 0.12), a partial 

eliminationn of La as La203 has been detected yielding the perovskite composition of 

La0.94<fo.o66 Mn0.98$).02O3 {<f> = cation vacancy) [52]. From neutron diffraction analysis, it could 

bee concluded that the cation vacancies appear predominantly at the A (La) sites. B-site 

vacanciess are not so common, which can be explained by their size and charge. Because 

BB cations are relatively small but carry a large charge, their corresponding vacancy will be 

lesss thermodynamically stable. 

Oxyge nn deficienc y Anion vacancies in many oxygen deficient perovskites can be 

describedd on the basis of complex perovskite-related superstructures with the general 

formulaa AnBn03n-i, in which the stacking manner depends on the size, electronic 

configurations,, and co-ordination number of A and B cations [53]. The formation of oxygen 

vacanciess can be stimulated by introducing metal impurities (doping). An example is the 

oxygenn deficient Lao.9Sro.1FeO2.95, which has a 17 times higher concentration of oxygen 

vacanciess than the undoped material (LaFeOsoo) [42]. Because oxygen vacancies facilitate 

thee migration of oxygen through the lattice, these deficiencies are likely to have an 

importantt influence on the catalytic properties of the catalyst. 

14 4 

http://Lao.9Sro.1FeO2.95


ChapterChapter 1 GeneralGeneral introduction 

CationCation non-stoichiometrv 

Oxygenn excess can also readily be achieved in perovskite that are structurally deficient in 

oxygenn because of cation non-stoichiometry. For example, it has been shown that CaTi03 

cann accept excess TÏO2 in solid solution up to 1 % and it is assumed that this is 

accommodatedd by the formation of calcium and oxygen vacancies [54]. TIO2 rich 

compositionss can be considered to be stoichiometric with respect to the oxygen content, 

whenn they are composed of a combination of the stoichiometric binary oxides, (1-x)CaO + 

TÏO22 or Ca1.xTiO3.x- On the other hand, they are obviously non-stoichiometric with respect 

too the cation ratio. B-site vacancies in perovskite oxides are not so common. Mostly, 

perovskitess exhibit A-site vacancies, due to the formation of a stable network by the B03 

arrayy in the perovskite structures [44]. The large A cation at 12 co-ordinated site can be 

partiallyy missing. One interesting example of A-site defective perovskite is Cuo.5Ta03, 

whichh displays a pseudo-cubic perovskite structure [44]. 

1.6.22 Perovskite s as oxidatio n catalyst s 

Inn the last three decades, the interest in the use of perovskite-type oxides as oxidation 

catalystss is growing fast, in particular in view of their application in exhaust after-treatment 

processes.. Oxidation of CO and CH4, and the simultaneous removal of NOx and soot will 

bee discussed below. 

OxidationOxidation of CO 

Thee oxidation of CO over perovskite-type oxides has been taken as a probe reaction with 

thee aim to correlate the observed activity with the electronic state of the transition metal 

ionss or the defect chemistry of these compounds [55,56]. The first study on the CO 

oxidationn over perovskite-type oxides was carried out in the early 50s by Parravano [57]. 

Laterr on, Kawai et al. [58] observed a discontinuity in the activation energy for CO 

oxidationn with 02 or N20 on BaTi03 ferroelectrics near the Curie temperature (Tc = 393 K) 

Theyy concluded that the oxidation reaction proceeds via surface defects and that 

desorptionn of CO2 is the rate limiting step. Many other perovskites have been studied for 

COO oxidation. For LaB03 (B is transition metal atom from V to Ni) perovskites, LaCo03 

provedd to be the one most active [30,59,60] while LaCrOa was among the least active for 
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COO oxidation [61,62]. From kinetic measurements and from IR spectroscopic data, the 

followingg scheme for the mechanism of CO oxidation on LaCo03 was proposed by Tabata 

etal.. [63]. 

0022 (g) -> 202 (ad) {ad = adsorbed species) 

CO(g)CO(g) -» CO(ad) 

CO(ad)CO(ad) + 202 (ad) -> CO;'(ad) (slow) 

CO;'(ad)CO;'(ad) -> C02(ad) + O2' (ad) -> C02(g) + 02 (ad) (rate limiting) 

Oxygenn vacancies in the crystal lattice constitute the surface defects on which the catalytic 

activityy towards CO oxidation is largely dependent. This has been concluded from 

researchh done on LaCu03-s, which allowed the concentration of oxygen vacancies to be 

welll controlled by annealing under high oxygen pressures at temperatures between 1073 

KK and 1273 K [64]. TPR analyses of LaCu03-s and LaCo03.s suggested that CO oxidation 

activityy is related to the ease of oxygen removal from both the surface and lattice of the 

lanthanumm cuprite and cobaltite respectively. 

OxidationOxidation of methane 

Studiess done by Libby [65] and Pedersen et al. [66] in the early 70s indicated the 

possibilityy of using perovskite oxides for the oxidation of hydrocarbons. Among those 

studies,, the combustion of methane over perovskite oxides has been extensively 

investigated,, since methane is often used as a model for a large family of hydrocarbons. In 

thee oxidation of methane over Lai.xSrxB03 (B = Cr, Mn, Fe, Co, Ni; 0 < x < 0.4), the Sr-

substitutedd perovskites with B = Mn, Fe and Co showed very high activities, comparable 

withh Pt/AI203 [67]. It was reported that partial A-site substitution enabled variation of the 

dimensionss of the unit cell. For this reason, this substitution caused stabilization of unusual 

oxidationn states of the B component and simultaneous formation of structural defects 

(enhancingg oxygen mobility), both of which strongly affected the catalytic activity [44]. It 

wass concluded that methane oxidation is a suprafacial reaction [68] at low temperatures. 

TPDD analysis of Lai.xA'xB03 (A' = Sr, Eu, Ce and B = Co, Fe, Ni) indicated that below 750 

KK the oxygen involved in the reaction either comes from the gas phase or was sitting in the 

anionn vacancies of the catalyst [30], whereas above 750 K oxygen comes from the bulk 
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phasee (intrafacial mechanism) [68]. On the basis of these considerations, the overall rate 

off CH4 combustion throughout the whole temperature range can be described by the sum 

off two parallel reactions: 

rr  = krPCHi+
k-^%£^  (8) 

However,, this expression is in contrast with the findings of Ponce et al. [69], who reported 

forr the oxidation of methane over Lai-xSrxMn03 that bulk oxygen does not play a major 

rolee for temperatures in a range of 473-1073 K. 

SimultaneousSimultaneous removal of carbon and A/0* 

Soott consists mainly of carbon (> 70%), which is also capable to reduce nitrogen oxides 

overr a (perovskite) catalyst: 

CC + 2NO -> C02+N2 

Inn reactions involving carbon, specific surface area is of less importance than in usual 

catalysedd solid-gas reactions. Teraoka et al. [70] reported a comparable catalytic 

performancee for simultaneous NCVsoot removal over Lao8Sro.2Co03 calcined at 1123 K 

(5.66 m2/g) and 1473 K (0.6 m2/g). This is probably due to the fact that catalytic reactions 

involvingg carbon take place at the three-phase boundary of the solid catalyst, solid soot 

andd the gaseous reactant. Hence, adsorbed species on the catalyst surface are formed at 

thee boundary and a part of carbon in close vicinity of the boundary takes part in the 

reaction. . 

Hongg et al. [71] have studied the simultaneous removal of carbon particulates and NOx. 

Fromm the obtained results, they concluded that the presence of carbon particulate played 

ann important role on the reduction of NO, whereas NO had less effect on the oxidation of 

thee carbon particulate. On the contrary, NO seems to retard the oxidation of carbon 

particulatee at high NO concentration (above 1000 ppm). They concluded that oxidation of 

carbonn particulate is not controlled by the concentration of NO, but by 02. Therefore, they 

proposedd the reaction mechanism for the carbon-NO reaction: the adsorbed NO attacks 

17 7 



ChapterChapter 1 GeneralGeneral introduction 

thee reactive carbon particulate to subsequently form a reactive surface carbon complex, 

whichh then decomposes into N2 and CO2: 

NO(g)NO(g) -> NO (ad) 

NO(ad)+CNO(ad)+C -> C*[N,0] 

C*[N,O]C*[N,O]  + N0(ad) -> C02(g) + N2(g) 

Thiss proposed mechanism was supported by Teraoka et al. [37], who reported additionally 

thatt the last step includes a reactive carbon-nitrogen intermediate (C*[N]), which 

decomposess to N2: 

C*[N,0]C*[N,0]  + NO(ad)+2Cf -> C02(g) + 2C*[N]  <Cf = free carbon site) 

2C*[N]2C*[N]  -> N2(g) + 2Cf 

Itt has also been reported that gaseous NO can be oxidised to NO2 in the presence of 02. 

Subsequently,, the resulting NO2 is dissociatively adsorbed on the catalyst surface to form 

NO(acOO and O(acf) species [71], which can proceed to oxidize carbon as was described 

above.. According to Teraoka et al. [37] and Ciambelli et al. [72], N02 can also directly 

oxidizee carbon, without adsorption, to form NO and CO2: 

N0N022(g)(g) -> NO{ad) + 0{ad) 

2N02N022(g)(g) + C -  2NO(g) + C02(g) 

Hongg et al. [71] also investigated the effect of cation substitution and reported for the 

simultaneouss removal of NO and soot over Lai.xCsxCo03 that partial substitution of La by 

Css enhanced the catalytic activity in the combustion of soot and NO reduction. In this 

catalystt series, the ignition temperature of soot was found to decrease with increasing x 

valuess and becomes constant above x > 0.2. NO conversion displayed a similar tendency. 

Whenn varying the B-site metal cation, they found that the ignition temperature of soot 

slightlyy decreased in the order Co > Mn > Fe. 

Ann example of A-site substitution has been reported by Teraoka et al. [37], who found a 

prominentt promoting effect of K compared to Sr substitution, e.g. in LaogKo.iFeOa. It was 
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suggestedd that the promoting effect of K is relevant to the intrinsic nature of activating 

surfacee carbon atoms as found in other carbon oxidation, combustion and gasification 

studies. . 

Accordingg to Ciambelli et al. [72], the presence of NO and H20 cause a marked increase 

inn the oxidation of soot for K-containing perovskites. The promoting effect of NO has been 

explainedd with the oxidation of NO to N02, which then relatively easily oxidizes carbon on 

thee catalyst surface. For the promoting effect of H20, they have concluded that it is due to 

thee presence of K, since alkaline metals are well-known catalysts for carbon gasification 

byy steam. 

1.6.33 Perovskit e stabilit y and sulphu r resistanc e 

Veryy important aspects in heterogeneous catalysis are thermal and catalytic stability. For 

thiss reason, deactivation of specific catalysts has been widely studied. One can distinguish 

betweenn reversible and irreversible deactivating processes. Reversible types of 

deactivationn are inhibition of the active site, fouling and reversible structural changes. 

Irreversiblee types of deactivation are leaching, poisoning and irreversible structural 

changes,, such as the formation of a new phase caused by decomposition and sintering of 

catalystt material or carrier material, both of which cause a decrease in catalytic surface 

andd thus in the number of exposed active sites. For perovskite-type oxides as automotive 

catalysis,, poisoning by S02 is an important issue, and will be briefly addressed here, as 

welll as regeneration of S02-poisoned catalysts. 

PoisoningPoisoning by SO? 

Deactivationn of perovskites in exhaust gas was shown to be dominated by poisoning by 

sulphurr containing compounds [73]. Perovskite-type oxide catalysts were found to be far 

moree sensitive to poisoning by S02 than noble metal catalysts [42]. Since S02 has a lone 

pairr of electrons, which can act both as a Lewis acid and base, it can co-ordinate to metal 

ionss in several ways to form a S02-metal complex on the surface. Chemisorbed S02 can 

thuss block active sites, giving rise to reversible inhibition. However, these chemisorbed 

S022 species can also react rapidly with lattice oxygen to form sulphite species. These 

sulphitess can be oxidized by 02 at temperatures above 673 K to form sulphate species 
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[42].. The formed sulphites and sulphates result in poisoning of the active site, causing 

irreversiblee deactivation. 

Quantitativee studies on the chemisorption of SO2 on several La-containing perovskite-type 

oxidess revealed that the amount of chemisorbed S02 needed to suppress the reaction by 

900 % corresponded to one monolayer [42,44,55]. Tejuca et al. [42] suggested that the S02 

poisoningg on perovskite catalysts is primarily due to the adsorption of S02 on the 

catalyticallyy active B-sites. However, this has been contradicted by Zhu et al. [73] who 

reportedd for LaCo03 that S02 diffused into the perovskite lattice and reacted with LaCo03 

too form La2(SC>4)3, La2(S03)3, La2O2S04 and CoO species during the S02 poisoning 

process. . 

LaCoOLaCoO33+S0+S022 -  La2(SOx), + CoO (9) 

LaLa22(SO(SOAA))yy -> La202SOA+2SOy (10) 

RegenerationRegeneration of SO?-poisoned perovskites 

Thee regenerability of the perovskite catalyst depends on the catalyst composition. Rosso 

ett al. [74] observed a significant regeneration effect after washing the S02-poisoned 

LaMni.xMgx033 catalyst with water or aqueous NH3. It was concluded that a higher OH" 

concentrationn makes this washing more effective. They proposed a mechanism for 

regenerationn by water and NH4OH, based on S04
2_ substitution by Ol-T species. 

[MgSO,[MgSO, I +OH~ -+ [Mg(OH)2 ] , + / T + HSO; (11) 

Thee formed Mg(OH)2 turns into MgO at high temperature, thus preserving the original 

compositionn of the LaMni.xMgx03 perovskite phase. Figure 1.4 depicts the conversion of 

methanee oxidation over LaMno.5Mgo.5O3 after successive poisoning and regeneration 

cycles.. Clearly, LaMno.5Mgo.5O3 catalyst can be regenerated quite significantly by water up 

too three successive poisoning cycles. 
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Figuree 1.4: onversion of methane oxidation over LaMn0 sMg0 503 after successive poisoning by S02 

andd regeneration by water washing [74]. 

1.6.44 Dielectri c propertie s and the relate d parameter s of perovskite s 

Researchh in the dielectric properties of perovskites has up to now focused on complex Ai_ 

xA'xBi-xB'x033 materials with A = Ca, Sr, Ba, Pb, Bi; B = Mg, Sc, Ti, Fe, Cu, Zn, Y, Zr, Nb, 

In,, Ta, W, La, Nd, Sm, Gd, Yb [75-77]. According to a 1994 review by Setter et al. [78] 

non-ferroelectricc perovskites are being used as microwave resonators because of their low 

dielectricc losses, high permittivity and high temperature stability at the resonance 

frequencyy (if). Here, some of the important parameters related to the dielectric properties, 

suchh as temperature dependence, phase transition effect, tolerance factor, ionic size and 

substitutionn degree will be summarized. 

TemperatureTemperature and Phase Transitions Dependence of dielectric permittivity 

Itt had been found that the dielectric permittivity is closely related to the structural phase 

transitionss that occur in perovskites [78]. The dielectric permittivity is related to the direct 

temperaturee dependence of the polarizabilities and to the dilution of dipoles caused by 

thermall expansion. Such expansion also leads to an increase of dipole strength, which at 

thee A and B-sites is very sensitive to phase transitions: in phases with tilted oxygen 

octahedraa the local thermal expansion is larger at the A-site than at the B-site, which gives 

risee to a different increase of the two dipole strengths. Moreover, the tilted oxygen 
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octahedraa fit better around the B cations, which is expected to have a strong effect on the 

temperaturee dependence of the polarizability. 

AA study into the dielectric properties of Lai-xSrxMn03 has been carried out by Ivanov et al. 

[79]] at 1-10 GHz. They obtained the dielectric permittivity and temperature dependence of 

thee resonance frequency using a quasi-optical backward-wave-oscillator technique, for 

singlee crystals of Lai.xSrxMn03 (x = 0, 0.05, 0.1, 0.15 and 0.175). The dielectric properties 

off Lao.95Sr0.o5Mn03 were found to be similar to that of LaMn03, however, their anisotropy 

andd higher dielectric losses were noted, in particular s'a « 24, s"a ~ 0.6-0.7, and £'c ~ 20, e"c 

** 0.2-0.3 for f = 2.3-6 GHz at T = 80 K (a and c represent different lattice axes). The 

perovskitee with bulk composition Lao.825Sr0.i75Mn03, an efficient electron conductor, 

displayedd a dielectric permittivity of e' = 37 at T = 295 K. 

Forr La0.9Sro.iMn03 at 100-120 K, a jump in E'(T) was found besides a ferromagnetic 

transitionn at 170 K (figure 1.5), from which the existence of an additional phase transition 

(probably,, a polaron ordering) was concluded [79]. 

00 100 200 300 

Temperature,, K 

Figuree 1.5: Temperature dependence of the dielectric permittivity e'ii2 (4 GHz) (a), dynamic [a'i,2 (4 

GHz)]] and static (ad0) conductivity (b) and AC magnetic susceptibility %ac (c) of La0.9Sr01MnO3. 

Indicess 1,2 correspond to the two crystallographic directions: 1-[-110] and 2-[11-2]. 
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Thee various phase transitions found in complex perovskites, which correspond to different 

tiltss of the oxygen octahedra (and to some ionic anti-parallel shifts), cause related changes 

inn dielectric permittivity (e). Because the structures are linked to the packing density of the 

ions,, e can be correlated to the tolerance factor t via the structural phases [80]. 

ToleranceTolerance Factor. Ionic Size and Substitution Degree 

Setterr et al. [78] reported that the correlation between dielectric loss, permittivity, ionic 

size,, mass, effective charge and polar phonon mode parameters has been investigated in 

BaBo.sB'o.sOaa (B = Y3+, Gd3+, ln3+; B' = Ta5+ and B = Mg2+; B' = W6*) compounds. The ionic 

sizee was found to be the most important parameter determining the tolerance factor of the 

structuree packing and thus controlling the degree of lattice anharmonicity, i.e. phonon 

dampingg and intrinsic dielectric loss. The intrinsic loss was found to be lower when the 

tolerancee factor was closer to unity [81,82]. 

Shann et al. [83] have reported data on a series of Lno.sNao.sTiCb (with Ln = = Dy, Ho, Er, Tm, 

Ybb and Lu), from which all compounds, synthesized by the solid-state method, possessed 

orthorhombicc symmetry similar to the compounds containing Ln = Pr, Nd, Sm, Eu, Gd and 

Tb.. They found a decrease in dielectric constants with an increase in the atomic number of 

Lnn (from Dy to Lu). In addition, their dielectric constants asymptotically converge to fixed 

values,, without temperature dependence below 40 K, indicating that these materials show 

quantumm paraelectric behavior at low temperature. 

Thee degree of substitution is a related parameter that is likewise important for crystal 

structuree and dielectric characteristics. Recently, an illustrative example has been reported 

byy Dwivedi et al. [84], who have synthesised Cai.xLax(Tii.xCrx)03 with x = 0.01, 0.03, 0.05, 

0.10,, 0.20, 0.30 and 0.50 (a valence compensated system) by a solid-state ceramic 

method.. Solid solutions were found to form up to x = 0.50 and all compositions displayed 

ann orthorhombic crystal structure. The structure of compounds up to x = 0.10 was similar 

too that of CaTi03. This structure gradually changed from CaTi03 to LaCr03 at 0.10 < x < 

0.50.. The dielectric constant, at room temperature, was found to increase with increasing 

substituentt concentration up to x = 0.30, and subsequently it decreased for 0.30 < x < 

0.50.. It was concluded that orientation and space charge polarisation contributed to the 

dielectricc behaviour of these materials. 
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1.77 Outlin e of the thesi s 

Inn search for soot emission abatement techniques Diesel engines, we focussed on the use 

off perovskites as coating materials for a soot filter, to be regenerated through microwave 

irradiation.. To this end a series of cerium substituted La-Mn perovskites have been 

preparedd and studied intensively. Surface properties in relation to the activity in oxidation 

catalysiss is discussed in chapter 2. Based on reduction experiment with labelled C180, it 

mayy be concluded that this activity is related to the number of cation/anion vacancies. The 

behaviourr of 20-mol% cerium-substituted perovskite during transient CO reduction and 02 

oxidationn steps at isothermal conditions, and in steady state CO oxidation are discussed in 

chapterr 3. The dielectric properties and structural stability during microwave irradiation, 

andd the catalytic performance in CH4 oxidation for both dielectric and conventional heating 

aree studied in chapter 4 and 5. For further development of regenerable soot filters (flow 

throughh filter) during dielectric heating, tests on a laboratory scale will be carried out. In 

chapterr 6, the soot removal efficiency and thermal stability are addressed for a cordierite 

monolithh coated with perovskite material, onto which synthetic soot was deposited by 

dipcoating.. Based on these data, the feasibility of the concept of microwave assisted soot 

filterr regeneration is evaluated. 
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Appendixx A: Characteristics of Diesel particulate matter: soot formation 

andd composition 

Soott formation processes and the morphology of soot have been extensively studied, and 

aa huge amount of relevant information has been accumulated in the last two decades. It 

hass investigated that the different fundamental steps involved in the formation of soot 

particless on indirect injection or divided chamber (IDI) engine. The main results are 

depictedd schematically in figure A1. 

Pyrolysiss or oxidative 
pyrolysis s 

->> Nucleation 

Surfacee growth & coagulation aggregation n 

* * 
100-3000 A 

Turbostraticc particle 

Figuree A 1 : The mechanism of Diesel soot formation in combustion system of IDI engine. 

Ass part of the fuel combustion process, fuel is injected in a Diesel engine after 

compression,, when combustion has already started. This results in the formation of an 

inhomogeneouss mixture of fuel and air in some places in the combustion chamber and 

thuss in locally incomplete combustion and subsequent formation of soot particles. The 

Diesell soot formation process is extremely complex. In general, it is believed that the 

polycyclicpolycyclic structures formed by pyrolysis are the building blocks of the Diesel soot 

particles.. The polycyclic structures consist of so-called platelets, as illustrated in figure A1. 
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Itt has a typical size of 3.55 A, which is only slightly larger than that of graphite. Platelets 

aree arranged in layers to form crystallites. The crystallites are further arranged in a 

turbostaticturbostatic fashion, with planes more or less parallel to the particle surface. The existence 

off two parts in Diesel soot has been found: the inner core contained the turbostratic 

structuree which is chemically and structurally less stable, and the outer shell is composed 

off graphitic crystallites which are thermodynamically stable. Primary soot particles are 

formed,, when surface growth stops. These primary soot particles can further continuously 

coagulatee to form chain-like aggregates. 

Thee composition of Diesel particulate matter depends on the conditions under which they 

aree collected. Diesel particulate mater (PM) consists of carbonaceous part (soot), 

sulphatess and metal ash. The sulphates in Diesel exhaust gas originate from organic 

sulphurr compounds present in Diesel fuel. Figure A2 shows the typical composition of the 

particulatee matter for a current technology Diesel engine tested using the US Heavy Duty 

Transientt Test. 

Ashh and other 

1 3 % ^ " " 

Unburnedd f u e l / \ . 

77 % / \ . 

Sulfatee and water 

-——44% % 

^ // Unburned oil 

\\ 25 % 

Carbon n 
411 % 

Figuree A2: Typical particle composition for heavy-duty Diesel engine tested in a heavy-duty 

transientt cycle. 

Thee sulphuric acid/sulfate fraction is roughly proportional to the fuel sulphur content. The 

fractionn associated with unburned fuel and lube oil varies with engine design and operating 

condition.. Unburned fuel and lube oil values are highest at light engine loads when 

exhaustt temperature is low. 
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Appendi xx B: preparatio n method s for perovskite-typ e oxide s 

Becausee of the great diversity in perovskite applications, optimal preparation of these 

materialss requires many synthetic approaches, which are determined by the ultimate end 

use.. One can distinguish between syntheses through solid-state, solution and gas phase 

reactions. . 

Solid-stat ee Reaction s In conventional processing, the perovskite-type oxides can be 

synthesisedd by mixing equimolar amounts of metal oxides, hydroxides or carbonates, 

followedd by solid-state reactions, and subsequent calcination at high temperature (1300-

15000 K) to yield the perovskite material. This method often results in inhomogeneous 

aggregates,, multiphase formation and low purity. Moreover, the particle size of the 

obtainedd powder is relatively large (micrometer range) and the specific surface area 

extremelyy small (-1 m2-g"1). 

Solutio nn Reaction s The disadvantages described above can be overcome by sol-

gell preparation or co-precipitation. These techniques can offer mixing on a molecular level 

andd can enhance reactivity, which enables a significantly lower calcination temperature 

(<11000 K). Further, these methods enable control of reaction temperature, pH and ageing 

timee for precipitation, which yields better purity, stoichiometry, and uniform particle size 

(sub-micrometerr range). Typical precipitation agents for co-precipitation are hydroxide, 

oxalate,, acetate, cyanide and citrate ions. This method typically yields specific surface 

areass below 10 m2g"1. Sol-gel methods yield well-crystallised samples with even larger 

specificc surface areas (up to 20 m2/g). 

Gass Reaction s In order to make perovskite films with a specific thickness and 

composition,, reaction or transport in the gas phase is generally required. Therefore many 

physicall techniques have been developed e.g. laser ablation, molecular beam epitaxy 

(MBE),, magnetron sputtering and electron beam evaporation. These state-of-the-art 

techniquess are utilised for the production of materials for advanced applications, like 

superconductors. . 
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Chapte rr  2 

Surfac ee propertie s and catalyti c performanc e in CO oxidatio n 

off  ceriu m substitute d lanthanu m manganes e oxide s 

ABSTRACT T 

Perovskitee type oxides may potentially replace noble metal catalysts as full oxidation 

catalystss of hydrocarbons, as present in combustion exhaust streams, due to their high 

activityy and fair hydrothermal stability. Presently we have investigated the catalytic 

activitiess of a series of Ce substituted La-Mn perovskites, prepared by coprecipitation, in 

thee oxidation of carbon monoxide. The composition, bulk structure and the surface 

propertiess were established using elemental analysis, XRD and XPS. The properties 

testedd include the reducibility and reoxidation behavior, the thermal stability of these 

perovskitess and the oxidation activity. It was observed that Ce is not totally incorporated in 

thee perovskite lattice. For a high degree of substitution, an excess Ce forms a separate 

Ce022 phase. Simultaneously, an increase in the atomic Mn4+/Mn3+ ratio and a decreasing 

surfacee oxygen concentration are observed. This suggests that cation vacancies are 

createdd at A (La) sites, resulting in the formation of unsaturated B (Mn) site ions on the 

surface.. The catalytic activity of the La-Mn perovskites systematically changes as a 

functionn of the degree of Ce substitution. A plausible explanation for this behavior is the 

nonstoichiometryy induced by Ce substitution, which results in the formation of cation/anion 

vacanciess near the surface. The specific surface area and the atomic surface composition 

playy a less pronounced role in the catalytic activity. 

'' This work has been published in: Y. Zhang-Steenwinkel, J. Beckers, and A. Bliek, Applied Catalysis A: 

General,, 235, (2002) 79 - 92 
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2.11 INTRODUCTION 

Noblee metals as palladium and platinum are well known and highly active catalysts for the 

fulll oxidation of carbon monoxide, methane, and olefins [1]. Compared to noble metals, 

basee metal catalysts show a lower but still sufficient activity as oxidation catalysts, their 

advantagee being the lower costs [1,4,6]. Moreover, noble metal catalysts are sometimes 

reportedd to demonstrate a poor thermal stability due to sintering and metal volatilization [2-

5].. Perovskites form an interesting category of mixed oxides that have been studied widely 

inn view of their activity in full oxidation, their hydrothermal stability and favorable costs. 

Therefore,, these materials have received increased attention in the last decades. 

Sincee 1970, perovskites, having the general structural formula AB03, have been 

suggestedd as substitutes for noble metals in electro catalysis and in the full oxidation of 

carbonn monoxide, methane, hydrocarbons and chlorinated hydrocarbons [2,5,7-11]. The 

ideall structure of the perovskite type oxide is of the cubic type [12,13]. A and B are usually 

raree earth and transition metal cations respectively, for which the corresponding 

perovskitess show a high activity and thermal stability [6,8]. B cations have octahedral 

coordinationn with oxygen and A cations are located in the dodecahedral lattice position. 

Thee ideal perovskite structure appears only in a few cases for tolerance factors t, with t = 

(rA+ro)/V^*(rB+r0),, where rAl rB and r0 are the radii of the respective ions, which are close 

too unity and for high calcination temperatures [12]. In fact, the perovskite structure exists in 

oxidess only between the limits 0.75 < t < 1 with t between 0.8 and 0.9 in most cases. 

Distortedd perovskite structures, as the rhombohedral and orthorhombic structure are 

known.. The cations in the perovskite lattice may be partially substituted by foreign ones, 

givingg rise to the general structural formulas as Ai.xA'xB03 or ABi.yB'y03, without inducing 

largee changes in the crystalline structure [3]. This has frequently been exploited in 

catalysiss because the substitution of foreign cations allows for a systematic modification in 

thee catalytic properties [3,7,8,10]. The impact of A site substitution for LaMn03 and 

LaCoC>33 on the catalytic properties in full oxidation of hydrocarbons has been extensively 

studiedd [11,14,15]. The substitution of La in LaMn03 by K, Ca, Sr, Ba, Pb or Hf was 

reportedd to enhance the catalytic activity in full oxidation reaction of CO and hydrocarbons 

[2,3,9,11,14,15].. In these case this activity was shown to reach a maximum for a degree of 

substitutionn of approximately 40%. The effect of the nature of the B cation on the physio 

chemicall and catalytic properties of lanthanum based perovskites has been also widely 
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studiedd for oxidation of CO, hydrocarbon and chlorinated hydrocarbons [5,10,15]. 

Manganesee and cobalt containing perovskites have been found to demonstrate superior 

activityy in methane oxidation [6]. 

Ceriumm is a well known additive of exhaust catalysts, used in view of its oxygen storage 

capability,, enabling the application of such catalysts over a broad range of air-to-fuel 

ratios,, and enhancing the activity [7]. The catalytic activity of Lai.xCexMn03 has been 

investigatedd earlier in CO oxidation by NO, as well as in methane and propane oxidation 

[2,7,14].. Therefore, Lai-xCexMn03 is chosen as the perovskite type oxide in the present 

investigation. . 

Lai-xCexMn033 perovskites, with x = 0 - 0.3, were synthesized by coprecipitation followed 

byy calcination at high temperature. The bulk structure was determined XRD and the phase 

segregationn was studied by TEM/EDX. The reduction behavior and thermal stability was 

studiedd by temperature programmed reduction and oxidation (TPR&TPO). The surface 

compositionn has been analyzed using XPS. Finally, stability was assessed by activity 

studiess using CO oxidation, and by assessing the sintering behavior in hydrogen and 

oxygen.. In particular the objective of the current work is to understand the structure activity 

relationn of a series of La-Mn based perovskites with a varying degree of substitution of La 

byy Ce. 

2.22 EXPERIMENTAL 

CatalystCatalyst  Preparation 

AA series of perovskite type oxides Lai.xCexMn03 with x from 0 to 0.3 was prepared by 

coprecipitation,, details of which can been found elsewhere [5]. A 0.5 N aqueous solution of 

thee corresponding nitrates was used with 0.5 N sodium hydroxide solution and hydrogen 

peroxidee as the precipitating agent. The molar ratio of Mn2+-to-H202 used is 1.80. 

Hydrogenn peroxide is used to partially oxidize the Mn2+. The precipitation was carried out 

att 323 K and a constant pH of around 9.1. The resulting precipitate was filtered off, 

washedd with distilled water, and dried overnight at 393 K in air. Following drying, the 

precipitatee was crushed and sieved to obtain the required particle size (< 200 \xm). Finally 

thee ground precipitate was calcined at temperatures varying from 773 K - 1073 K in air for 

66 hours. 
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Characterization Characterization 

Thee composition of the perovskite type oxides was determined by Inductively Coupled 

Plasmaa Atomic Emission Spectroscopy (ICP-AES) on a multichannel Thermo Jarrel Ash 

ICAPP 957 spectrometer, upgraded to ICAP 61. The specific surface areas were obtained 

byy N2-physisorption, evaluated using the BET equation, on a Sorptomatic 1990 (CE 

Instruments).. The XRD patterns of calcined samples were collected on a CPS120 using a 

primaryy monochromator with 20 = 0 - , using CuKa radiation. (HR) TEM images were 

obtainedd on a Philips CM30UT electron microscope with a field emission gun as the 

sourcee of electrons operated at 300 kV. EDX elemental analysis was performed using a 

LINKK EDX system. 

Thee core levels and valence electronic structure of the Lai-xCexMn03 perovskites (x = 0, 

0.05,, 0.1 and 0.2) were studied using XPS. The spectra were obtained on an Omicron 

UHVV system equipped with a Dar400 X-ray source and a EA125 hemispherical analyzer 

operatedd at 20 eV constant pass energy, using Mg Ka (1253.6 eV) radiation at 25W. The 

spectraa were measured in vacuum, better than 10~10 mbar. The core level of La3d, Mn2p, 

Ce4d,, 01s and C1s were recorded. The atomic ratios of Mn4+/Mn3+ and OSUrface/Mn2p were 

determined. . 

Thee reduction behavior of the perovskites was studied using TPR by thermo gravimetric 

analysis.. About 90 mg of the sample was heated in a flow of 120 ml/min of a 67% H2 in Ar 

mixturee (Praxair, 99,999% pure). During TPR, temperature was increased with 2.5 K-min"1 

too 1073 K and allowed to stabilize for one hour. Following TPR, the samples were cooled 

downn in the H2/Ar mixture to room temperature and reoxidized by TPO in a technical air at 

aa heating rate of 2.5 K-min"1 to 1073 K. Subsequently the samples were reduced again 

underr the original conditions. 

CatalyticCatalytic  Activity 

Thee catalytic activity of the perovskites was tested in CO oxidation, carried out in a six-flow 

reactor,, allowing the simultaneous testing of a variety of samples, coupled to a mass 

spectrometerr (Balzers, TPG 300). About 50 mg of perovskite was placed between quartz 

wooll in the middle of a temperature controlled reactor. The conversion of 1 vol% CO 

(99.9%,, Praxair) and 1 vol% 02 (99.5%, Praxair) in 98 vol% He (99.999%, Praxair) was 

investigatedd by a linear temperature programming from 348 K to 573 K with a heating rate 
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off 5 K-mirï1 (SV = 2-10"2 m3s"1-kg"1). The final temperature was maintained for 90 minutes 

too attain steady state conversion. The thermal stability of the perovskites was assessed by 

twicee repeating the experiments, under equal reaction conditions. 

OxygenOxygen  Exchange 

Thee reduction of La0.8Ceo.2Mn03 (50 mg), calcined at 1073 K in air for 6 hours, was studied 

byy passing labeled 1 vol% C180 (95%, Icotec) in balance He over the catalyst and 

monitoringg the production of C160, C180, C180160 and C160160, thereby providing basic 

informationn on the reaction mechanism. 

2.33 RESULTS AND DISCUSSION 

2.3.12.3.1 Catalyst  characterization 

ElementalElemental  chemical  analysis  and specific  area 

Thee elemental composition with regard to La, Ce and Mn for the samples calcined at 1073 

K,, expressed as atomic ratios relative to manganese in table 2.1, demonstrate that for 

somee perovskites this parameter deviates from the targeted atomic ratio (La+Ce):Mn = 

1:1.. This may suggest that these perovskite series are nonstoichiometric, as will be 

discussedd later. The specific areas of the catalyst series demonstrate that the specific BET 

surfacee area increases quite substantially for a higher degree of substitution x of La for Ce, 

withh a maximum at x = 0.2. 

Tablee 2.1: Specific area and elemental chemical composition of 1073 K calcined Lâ xCexMnOa 

catalysts. . 

X X 

0.0 0 

0.05 5 

0.1 1 

0.2 2 

0.3 3 

Specificc area 

(mV) ) 
17.22 2 

17.17 7 

31.00 0 

40.98 8 

26.80 0 

Elementall Chemical Composition (mol/moIMn) 

Laa Ce Mn 

0.911 0.00 1.00 

0.855 0.04 1.00 

0.800 0.08 1.00 

0.700 0.19 1.00 

0.611 0.27 1.00 
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BulkBulk  structure 

Thee degree of crystallinity of the samples prepared at calcination temperatures of 873 K, 

9733 K and 1073 K was investigated by XRD, showing that low temperature calcined 

sampless are poorly crystalline and a good crystallinity is obtained only at temperatures in 

excesss of 1073 K. The formation of a well defined perovskite structure shifts to higher 

temperaturess as a function of the degree of Ce substitution (not shown). Also it is 

observedd that cerium is not totally incorporated in the perovskite lattice. Beyond x = 0.2 a 

separatee CeC>2 phase is formed, as shown in figure 2.1. The perovskites LaMnC>3, 

Lao.95Ce0.o5Mn033 and La0.9Ceo.iMn03 show a well defined single crystalline phase 

followingg calcination at 1073 K, whereas for the perovskites La0.8Ceo.2Mn03 and 

Lao.7Ceo.3MnC>3,, a separate CeC>2 phase remains visible. 

155 25 35 45 55 65 75 

299 O 

Figuree 2.1: XRD patterns of perovskite Lai.xCexMn03 (x - 0, 0.05, 0.1, 0.2 and 0.3) calcined at 

10733 K, : perovskite; A: Ce02. 

Thiss is confirmed by TEM/EDX analysis. Figures 2.2 a/b show that for x = 0.20 a 

segregatedd Ce02 phase forms, whereas no separate Ce02 phase is observable for x = 

0.05.. The formation of a separate CeC>2 phase is promoted by higher calcination 
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temperatures:: whereas at 1073 K a single perovskite phase is formed in case of 

Lao.95Ceo.o5Mn03,, for higher calcination temperatures a separate CeC>2 phase appears 

(figuree 2.3). This result seems contrary to the findings of Taihei Nitadori et al. [14], who 

observedd the opposite for Lai_xSrxMn03. 

Figuree 2.2: TEM image of Ce substituted La^xCexMnOa calcined at 1073 K for 6 hours: a) x = 0.05, 

b)xx = 0.2. 
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20 0 25 5 30 0 35 5 

266 O 

12733 K 

40 0 45 5 

Figuree 2.3: XRD patterns of La0 95Ce0 05MnO3 calcined at 1073 K, 1173 K and 1273 K in air, : 

perovskite;; : Ce0 2 . 

Sincee up to a calcination temperature of 1273 K, the Mn203 and La203 phase were not 

detected,, the perovskites consist of a single phase with a bulk composition corresponding 

too Lai-x<t>yCex-yMn03 (1 > x > y > 0 ; < | ) = A site cation vacancy). When comparing the 

integratedd area of the CeC>2 peak at d = 2.76 A with the perovskite characteristic peak at d 

== 3.14 A for x = 0.2 and x = 0.3, respectively, for x = 0.3 twice the amount of the separate 

CeC>22 phase is observed as for x = 0.2. Assuming that the CeC>2 content is linearly 

correlatedd to this peak area, the maximum amount of Ce incorporated in the perovskite 

latticess would be 10  0.4 mol%. On the basis of ICP data on the bulk composition, one 

mayy now assess the amount of cation vacancies (table 2.2). The results show that the 

concentrationn of cation vacancies gradually increases for a higher degree of substitution of 

Laa for Ce. 

40 0 



ChapterChapter 2 SurfaceSurface properties and catalytic performances in CO oxidation 

Tablee 2.2: Calculated concentration of cation vacancies versus the degree of substitution x of La 

forr Ce. 

X X 

0.0 0 

0.05 5 

0.1 1 

0.2 2 

0.3 3 

Concentrationn of cation vacancy cj> (mol/moIMn) 

0.090 0 

0.111 1 

0.138 8 

0.207 7 

0.301 1 

SurfaceSurface  analysis 

Thee surface composition of a series of the perovskites calcined at 1073 K for 6 hours was 

studiedd by XPS. The resulting binding energy values were corrected using the C1s peak at 

2855 eV. Table 2.3 lists the corresponding binding energies of La3d, Mn2p, and Ols. The 

fittedd XPS spectra of Ols and Mn2p are shown in figure 2.4(a) and (b), respectively. The 

surfacee composition was calculated for atomic ratios of Mn4+/Mn3+ and OSUrface/Mn2p, 

whichh are summarized in figure 2.5. 

Tablee 2.3: La 3d, Mn2p, 01s, and C1s binding energies for Lai.xCexMn03 perovskites. 

Degreee of 

substitutionn X 

0 0 

0.05 5 

0.1 1 

0.2 2 

La3d(eV)) Mn2p (eV) Ols(eV) C1s(eV) 

834.33 641.6 529.3 285.0 

838.44 642.9 531.2 286.5 

644.44 289.3 

834.66 641.6 529.5 285.0 

838.66 642.9 531.3 286.6 

644.66 289.0 

834.66 641.6 529.6 285.0 

838.77 642.9 531.5 286.4 

644.99 288.9 

834.33 641.9 529.6 285.0 

838.33 642.9 531.5 286.7 

644.77 289.3 

lce3d/lMn2pp 'La3d/lMn2p 

0.000 5.31 

0.500 3.93 

1.677 3.25 

0.799 3.06 

Thee C1s level shows three peaks at 285.0 eV (carbon contamination), 286.5 eV (CO 

bond)) and 289.2 eV caused by the presence of surface carbonates [16-20]. Two peaks of 

La3d3/22 are located at 855.3 eV and 851.2 eV and those of La3d5/2 are at 838.5 eV and 
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834.44 eV, respectively, see table 2.3. These are close to the values recorded for pure 

lanthanumm oxide, i.e. at 838.0 eV and 834.4 eV [18]. The spin-orbit splitting of La3d is 16.8 

eV.. As might be expected, the data indicate that lanthanum ions are present in the 

trivalentt form for all the samples. The li.a3d/lMn2p ratio as determined by XPS is shown in 

tablee 2.3. It seems that La is mainly at the surface of the catalysts and it gradually 

decreasess with a higher degree of Ce substitution. 

Twoo peaks may be assigned to 01s: a low binding energy (BE) at 529.0 eV, which is 

generallyy accepted as lattice oxygen in the form of O2" (metal oxygen bond), and a peak at 

531.00 eV, which is assigned to the surface adsorbed oxygen in the form of CO32' or OH", 

seee figure 2.4 (a) [16,18,21,22]. It seems the surface oxygen concentration decreases for 

aa higher degree of Ce substitution, see figure 2.5. Peaks above 533.0 eV were observed 

forr none of the samples, suggesting that these samples do not contain any adsorbed 

molecularr water. 

Thee peaks of Mn2p3/2 and Mn2p1/2 are located at 642.3 eV and 653.9 eV (figure 2.4b). The 

spin-orbitt splitting of Mn2p is 11.7 eV, which is close to that of Mn02 (642.2 eV + 11.7 eV) 

[16].. To determine the mean Mn oxidation state, one may either use the Mn3s splitting 

[23],, or the Mn2p3/2-01s difference in binding energy, or finally one could revert to a peak 

synthesiss procedure [3,20]. As the Mn3s and La4d peaks may overlap or the a.34 La4d 

structuree can be perturbing the Mn3s features with the natural X-ray source used, the 

Mn3ss exchange splitting cannot be used [20]. It has also been tried to determine the mean 

Mnn oxidation state, using the binding energy difference between the Mn2p3/2-01s 

emissions.. Literature data suggests that the BE difference increases with about 0.6 - 0.7 

eVV for the change of oxidation state between Mn3+ and Mn4+ [20]. A value of AEMn2P3/2- 01s 

== 112.75  0.06 eV was found to be quasi independent of the substitution of La by Ce and 

correspondss to the oxidation state Mn4+ (112.55  0.08 eV) [20]. This indicates that the 

meann oxidation state of Mn ions on the surface layers would be extremely difficult to 

detect.. This problem may be resolved by applying a peak synthesis procedure, according 

too Ponce et al. [3]. In this way three peaks were observed for all samples. The presence of 

twoo species (Mn4+ and Mn3+) is supported by the two H2 consumption peaks in TPR 

profiles,, also no MnO characteristic peak is observed in the XRD pattern of the samples 

reducedd in H2 up to 775 K, which will be discussed later. The three components found are: 

Mn4++ (642.8 eV), Mn3+ (641.5 eV) and a satellite, which are also included in table 2.3. As 

cann be seen in figure 2.5, the ratio of Mn4+/Mn3+ increases with increasing Ce substitution, 
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exceptt for x = 0.2. For a higher degree of Ce substitution, the Mn4+/Mn3+ ratio declines 

insteadd of increases. In summary it may be concluded that the number of cation vacancies 

risess with the degree of Ce substitution, especially when the separated CeÜ2 is formed 

(thee number of estimated cation vacancies of x = 0.2 is two times higher than those of x = 

0.1).. Mn tends to shift to the +4 state, thereby charge compensating for the vacancies for x 

<< 0.1. Also, the surface oxygen concentration drops with x and finally the structure 

becomess oxygen deficient for values of x > 0.2. For a higher value x, the surface oxygen 

tendss to desorb and coordinatively unsaturated B site ions are formed. Concurrently anion 

vacanciess are created on the surface. Therefore Mn is reduced to +3, which is exactly 

whatt happens for with x = 0.2. This suggests that beyond x = 0.2 an additional phase, 

CeC>2,, is formed, as is also found by XRD. 
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Figuree 2.4: XPS spectra for (a) 01s , (b) Mn2p of the La^CexMnOa with x = 0, 0.05, 0.1 and 0.2. 
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Figuree 2.5: Surface atomic ratios based on XPS data of Mn4+/Mn3+(»), Ototai/Mn2p (A) and cation 

vacancyy ) versus the degree of Ce substitution (x = 0, 0.05, 0.1 and 0.2). 

Inn the BE region 130-120 eV, no Ce4d peaks of Ce4+ were observed for x = 0.05. For x = 

0.22 two Ce4d peaks, assigned to Ce4+ located at 121.2 and 124.6 eV, with a spin-orbit 

splittingg of 3.4 eV were observed, indicating that a separate CeC>2 phase is formed [24]. 

Forr x = 0.1, also two very weak Ce4d peaks assigned to Ce4+ are visible. The ratio of the 

integratedd area of these peaks between x = 0.1 and x = 0.2 is about 0.3, suggesting the 

mostt of the cerium substituted in the La-Mn perovskite is inserted as Ce3+ in the perovskite 

lattice,, leading to the formation of a single crystalline phase for x < 0.1. It is known that a 

substantiall degree of reduction during XPS measurements is possible, but only when the 

measurementt time is extended to several hours [25], and not for a limited exposure time. 

Thereforee de possibility of reduction of Ce4+ to Ce3+ is excluded. In table 3, lce3d/lMn2p ratio 

iss given. For an increasing degree of substitution, the lce3d/lMn2P ratio tends to become 

higher.. It should be realized however that the error in the calculation of this ratio is 

substantial. . 
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ReductionReduction  behavior 

TPRR profiles of the perovskite series calcined at 1073 K for 6 hours were recorded to 

assesss the reduction characteristics. Figure 2.6 shows two clear reduction bands: 523 K -

7233 K and 833 K - 993 K. The reduction profile of Lai.xCexMn03 in the 523 K - 723 K 

regionn displays a broad peak, the intensity and position of the peaks depend on the 

degreee of cerium substitution. LaMn03 shows a major peak around 681 K, with a shoulder 

closee to 613 K. For x = 0.1, a main peak with a shoulder appears at ca. 645 K and 577 K. 

Forr x = 0.2 a broad peak around 557 K and a shoulder at ca. 613 K may be distinguished. 

SampleSample Lao.7Ceo.3Mn03 shows a broad peak located at 577 K. 

Thee sharp TPR bands of LaMn03 and La0.9Ce0.iMnO3 at 913 K and 866 K respectively, 

suggestt that a well defined crystalline structure is formed. The shift of the reduction band 

forr Lao.9Ceo.iMn03 to lower temperature may be due to the fact that Ce substitution for La 

leadss to an increase in the number of cation/anion vacancies as discussed above, thereby 

facilitatingg the reduction of Mn4+. The reduction peaks of Lao.8Ceo.2Mn03 and 

Lao.7Ceo.3Mn033 appear as broad peaks at 943 K and 916 K respectively, with low intensity. 

Thiss suggests that the well ordered crystalline structure is disturbed at a higher degree of 

Cee substitution. 
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Figuree 2.6: TPR of La^CexMnCb calcined at 1073 K with x = 0, 0.1, 0.2 and 0.3 in H2/Ar mixture 

withh 67% H2, the temperature was raised with 2.5 K-min"1 to 1073 K and maintained at 1073 K for 

onee hour. 

Thee reduction band at low temperature corresponds to the elimination of the excess 

oxygenn of the perovskite and the reduction of Mn4+ formed to compensate the cation 

vacancyy caused by Ce ion incorporation [3]. 

LaLaxx__xxCeCexxMnOMnOMM +H2-> La,_xCexMnOi + SH20 

LLaiai__xxCeCexxMn['!Mn['! xxMn'Mn'xx
¥¥0,0, +-xH2 -> La,_xCexMnmO,_xll +^xH20 

(1) ) 

(2) ) 

Afterr the reduction up to 775 K the perovskite lattice structure remains intact, as evidenced 

fromm the fact that following reduction at 773 K, no change of color is observed. Also the 

XRDD data show no significant change in the bulk structure, see figure 2.7. XRD patterns of 

thee samples taken after the first reduction step show the signals of a distorted crystalline 

perovskitee phase. The lattice expansion is explained by the reduction of Mn4+ to Mn3+, the 

latterr having a larger ionic radius. 
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Figuree 2.7: XRD patterns of La0.8Ceo.2Mn03 calcined at 1073 K (fresh sample), after TPR at 773 K 

andd after TPR up to 1073 K in H2/Ar mixture with 67% H2. The temperature was raised with 2.5 

K-min"11 to the final reduction temperature and maintained for one hour, perovskite , La203 (T), 

MnOO , Ce203 (A), Ce02 . 

Thee values of the total H2/Mn ratio, see table 2.4, are higher than 0.5 for all the samples, 

confirmm the presence of a fraction of Mn4+ in the sample, which is also observed by XPS. 

Sincee the reduction step at a high temperature is strongly activated, it is assigned to the 

reductionn of Mn4+/Mn3+ to Mn2+: 

11 X 

LaLa11__xxCeCexxMiOMiOM/2M/2 + H2 ->- ( l - j c ) Ia 203 +MnO + -Ce1Oi + H20 (3) 

Thee samples, initially black, become gray/white after reduction at 1073 K, suggesting that 

neww phases have been formed. XRD data indeed reveal the disappearance of the 

perovskitee phase, with concurrent formation of individual La203 , MnO and Ce203 phases 

(figuree 2.7). 
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Tablee 2.4: The values of the total H2/Mn ratio of reduction of Lai-xCexMnOs up to 1073 K and the 

valuess of the total O/Mn ratio of reoxidation of those perovskites up to 1073 K. 

Degreee of substitution X 

0.0 0 

0.1 1 

0.2 2 

0.3 3 

TPR,, H 2 W M n 

(mol/moll Mn) 

0.64 4 

0.53 3 

0.53 3 

0.51 1 

TPO.Ototai/Mn n 

(mol/moll Mn) 

0.47 7 

0.46 6 

0.46 6 

0.47 7 

ThermalThermal  stability  in  H2 and 02 

Thee thermal stability of the various perovskites was tested by successive reduction and 

reoxidationn treatments in H2 and 02. After TPR all the samples were treated in air at 1073 

KK and reduced again under the same conditions as in the first experiments. The two TPR 

patternss thus obtained are not exactly the same. XRD analysis performed on a sample 

reoxidizedd in air at 1073 K subsequent to TPR, shows that the perovskite phase is not fully 

restoredd by reoxidation. BET surface area data show that these materials suffer from 

sinteringg during successive reduction and reoxidation, their surface areas decreasing to 

lesss than 1 m2-g"1. This indicates that during the reduction of the perovskites in H2 up to 

10733 K, irreversible sintering takes place. This conclusion is contrary to the finding of 

Ciabellii et al. [6] for La1.xSrxMn03. 

Thee reoxidation properties of Lai.xCexMn03 perovskites are shown in figure 2.8 in the form 

off TPO data. For x = 0 and x = 0.1 two reoxidation bands are observed, which can be 

assignedd to surface oxygen located at 443 K - 685 K and lattice oxygen positioned at 

approximatelyy 715 K. For x = 0.2 and x = 0.3 the TPO peak at high temperature has 

disappearedd and a broad peak, located at 413 K - 648 K remains visible. This suggests a 

phasee change, possibly caused by distortion of a well ordered crystalline structure. The 

totall O/Mn molar ratio in table 2.4 is lower than that of the total H2/Mn ratio, illustrating that 

followingg reduction in H2 the samples are only partially reoxidized. 
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Figuree 2.8: TPO of La^CexMnOs perovskites with x = 0, 0.1, 0.2 and 0.3 in air, the temperature 

wass increased with 2.5 K-min"1 to 1073 K and maintained at 1073 K for one hour. 

Thee thermal stability of these perovskites in air was also tested by soaking La0.8Ceo.2Mn03 

att 1073 K in air for different times (6 hr, 12 hr, 24 hr, and 36 hr). The results show that this 

perovskitee is very stable in air at 1073 K, with BET surface areas showing only a moderate 

decreasee from 40.6 m2g"1 to 37.0 m2g~1. 

2.3.22.3.2 Catalytic  activity 

CatalyticCatalytic  activity  in  CO oxidation 

Thee oxidation of CO was studied over a series of Lai.xCexMn03 perovskites calcined at 

10733 K for 6 hours over a temperature range of 348 K to 573 K (figure 2.9). Clearly, 

withoutt catalyst, CO oxidation does not take place for temperatures below 573 K. The 

catalyticc activity increases in the order Lao.8Ceo2Mn03 > La0.7Ceo.3Mn03 > La0.9Ceo.iMn03 

>> La095Ce005MnO3 > LaMn03 . The catalytic properties of Lao8Ceo.2Mn03 are entirely 

differentt from the physical mixture of LaMn03 and Ce02 , see figure 2.9. The introduction 

off Ce in the perovskite lattice is seen to modify significantly the catalytic activity of this 
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perovskitee series. Beyond x = 0.2 the catalytic activity of the perovskites decreases, likely 

ass a result of the formation of a separate, non active Ce02 phase. 

100 0 

o o 
o o 

550 0 600 0 450 0 

Temperaturee (K) 

Figuree 2.9: CO conversion in a gas mixture of 1% CO/1%02 in 98% He (SV = 2-10"2 mVkg"1) 

versuss temperature for perovskite series calcined at 1073 K: blank (-), x = 0 (0), x = 0.05 (a), x = 

0.11 (A), x = 0.2 (x), x = 0.3 (+) and LaMn03+Ce02 (o) with La : Ce = 0.8 : 0.2 (molar). 

Thee stability of the perovskites was tested by repeating the CO oxidation experiments for 

eachh perovskite twice, for the temperatures ranging from 348 K to 573 K. A similar activity 

wass observed, suggesting that the perovskites are stable under these conditions. 

Surprisingly,, no clear correlation was observed between the specific surface areas and 

activity. . 

OxygenOxygen  Exchange  during  Reduction  of  Perovskites  by C180 

Thee oxygen exchange during reduction of the perovskites by CO was investigated using 

labeledd C180 as the reducing agent. The background signal is subtracted from the 

obtainedd MS signal and is corrected for the inlet pressure using Ar as reference gas. 

Figuree 2.10a demonstrates that following a step change from He to 1vol% C1sO/He over 

Lai.xCexMn033 (x = 0, 0.1 and 0.3), the amount of C180 adsorbed increases with the 
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degreee of Ce substitution. Also C160 is formed and desorbs from the surface, as shown in 

figuree 2.10b for LaogCeo.-iMnOa. When the signal of C1 80 is restored to its original level, 

bot hh  C1 601 60 and C 1 80 1 60 are formed and desorb from the surface. The release of 

Q16Q16QQ a n c | Q18Q16Q decreases t 0 zero after some time, as result of the exhaustion of 

availablee lattice oxygen from the perovskites. Tentatively, we propose a mechanism as 

depictedd in figure 2.11. 

600 80 

timee (s) 

a a 

99 8 

-0-C18O,, X 
-fi-C180.. X 
-0-C180.. x  x 

== 0 
== 0.1 
== 0.3 

C160 0 
C160160 0 

C180160 0 

Figuree 2.10: The MS signal versus time for the reduction of La^CexMnOa by C180 at 473 K. The 

backgroundd signal is subtracted from the obtained MS signal and is corrected for the inlet pressure 

usingg Ar as reference gas. a: C1sO signal versus time for x = 0, 0.1 and 0.3; b: C160, C160160 and 

C1801600 signal versus time for x = 0.1. 
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Figuree 2.11: The reaction mechanism of the reduction of La^CexMnOs by C1 80 at 473 K. 

Ass a result of the successive substitution of more La site by Ce, the concentration 

anion/cationn vacancies gradually increases. Isotopic labeling experiments indicate that 

concurrentt to this the amount of adsorbed is enhanced. This can be rationalized in the 

sensee that anion vacancies would provide suitable CO adsorption sites. That would form a 

plausiblee explanation for the increased activity in CO oxidation, which has been observed. 

Onee may hypothesize therefore, that the gradual substitution of Ce for La leads to the 

formationn of a successively higher concentration of anion vacant CO adsorption sites, 

therebyy leading to a higher activity in CO oxidation. Only beyond a degree of substitution 

off La for Ce higher than 10-20 mol%, the activity of the perovskites drops, which is to be 

attributedd to the formation of a catalytically inactive separated Ce02 phase, as evidenced 

byy XRD and TEM. 
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2.44 CONCLUSION 

Cee substituted La-Mn based perovskites demonstrates a high activity in CO oxidation. 

Whereass these materials are stable at high temperatures in an oxidative environment, as 

evidencedd by the fact that the specific surface area and the oxidation activity are barely 

affectedd by such treatment. In contrast, in a reducing atmosphere the perovskites readily 

decomposee to the oxides of the individual metals and the catalytic activity is lost. The 

substitutionn of La for Ce in La-Mn based perovskites results in an enhanced catalytic 

activityy in CO oxidation, the highest activity being demonstrated by Lao.sCeo^MnOs. On the 

basiss of XRD and TEM data, it can be concluded that Ce cannot be accommodated in the 

perovskitee lattice beyond a degree of substitution of x = 0.1 - 0.2, the excess forming a 

separatee catalytically inert Ce02 phase. For this reason the catalytic activity goes down 

beyondd x = 0.2. XPS data suggests that the substitution of La by Ce is accompanied by 

ann increasing concentration of cation/anion vacancies in the perovskite, which in turn 

leadss to a shift in the Mn4+/Mn3+ ratio. It is tentatively suggested that the number of 

cation/anionn vacancies is directly related to the catalytic activity in CO oxidation by 

facilitatingg the CO adsorption, explaining why up to x = 0.2 the activity of La-Mn 

perovskitess increases by substitution of La by Ce. 
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Chapte rr  3 

Stepp respons e and transien t isotopi c labellin g studie s int o the 

mechanis mm of CO oxidatio n over La0 sCeo  2Mn0 3 perovskite * 

ABSTRAC T T 

Thee mechanism of CO oxidation over La0.8Ce0.2MnO3 perovskites has been studied using 

step-responsee analysis. As these materials pair a high catalytic activity with high 

hydrothermall stability, perovskites are well-known full oxidation catalysts and form a 

potentiall alternative to Pt-Rh based three-way catalysts. Transient isothermal reduction 

andd oxidation studies demonstrate the full reversibility of oxygen uptake at temperatures of 

4733 K and higher. Using isotopically labelled 02, the participation of oxygen from the 

perovskitee lattice could be demonstrated. It is proposed that stable species - most likely 

bidentatee carbonates- are retained on the reduced oxide surface. The highly defective 

perovskitee structure enables rapid exchange between oxygen atoms from surface 

carbonatee and perovskite lattice oxygen. CO oxidation towards CO2 tentatively proceeds 

throughh the ER (Eley-Rideal) followed by LH (Langmuir-Hinshelwood) mechanism. In 

steadyy state conditions, the formation of C02 is most likely trough the formation of 

intermediatee carbonate since considerable amounts of C160160 and C180180 are formed. 

Thiss work has been accepted for publication in Appl. Catal. B: environ., Y. Zhang-Steenwinkel, L.M. van der 

Zande,, H.L. Castricum and A. Bliek, MP-151/03 
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3.11 INTRODUCTION 

Perovskite-typee oxides (ABO3) containing rare earth ions and transition metals are of 

interestt for catalytic oxidation and reduction reactions associated with automotive exhaust 

emissionn control [1-4]. They have been tested in oxidation of CO and hydrocarbons [5-8], 

NOxx reduction [9,10], and in hydrogenation and hydrogenolysis reactions [11]. By partial 

substitutionn of A and B ions of the perovskite with others, a wide variety of mixed oxides 

Ai-xA'xBi.yBy'033 can be obtained, allowing the systematic modification of the catalytic 

propertiess [6,12]. 

COO oxidation has been widely used as a model reaction to shed light on the mechanism of 

fulll oxidation over perovskite-type oxides. Early studies on the CO oxidation over 

perovskitess were carried out by Parravano [13]. Research was stepped up in recent years 

[4,5,8,14-17]] in view of the potential application as noble metal free automotive catalysts. 

Forr a number of perovskite oxides, it has been attempted to correlate the activity in CO 

oxidationn and the electronic state of the transition metal ions as well as the defect 

chemistryy [17,18]. It has been postulated that the coexistence of A-sites, oxygen 

vacanciess adjacent to a transition metal ion, and altervalent ions of the same metal form 

thee essential structure for catalytic activity. Studies into the mechanism of CO adsorption 

havee been plentiful [14,15,19-22]. Kawai et al. [14] concluded that C02 desorption is the 

rate-determiningg step of the overall reaction on the surface of BaTi03 in the temperature 

rangee 353 K - 493 K. Voorhoeve et al. [15] suggested that oxidation of CO over 

perovskite-typee oxides of 3d transition metals is an example of suprafacial catalysis, in 

whichh the electronic band structure near the Fermi level is believed to play a key role. 

Tascónn et al. [19] observed that CO and C02 adsorb on the same surface O2" sites while 

oxygenn adsorbs on surface metallic ions of the LaCo03. 

AA clearer picture of the reaction mechanism may be obtained by separately investigating 

reductionn and re-oxidation, using step response analysis. In this way, information is 

obtainedd on the elementary steps of a reaction, since the time-resolved observations allow 

quantitativee assessment of the accumulation of species on the surface [23,24]. In 

particular,, transient studies have found widespread application in "three-way" catalysis, 

sincee these automotive catalysts inherently work under dynamic conditions [23-29]. 

Inn this work, the interaction of CO and 02 with La0.8Ce0.2MnO3 prepared by co-precipitation 

iss studied by step-response to obtain insight into the elementary steps of isothermal 

58 8 



ChapterChapter 3 StepStep response and transient isotopic labelling studies 

reduction/oxidationn of this perovskite with CO and 02) respectively. This study was 

extendedd with the use of labelled and unlabelled oxygen, thereby further elucidating the 

rolee of lattice oxygen. 

3.22 EXPERIMENTAL 

3.2.11 Catalys t preparatio n and gases 

Alll gases used were obtained from Praxair. CO was pre-treated first by active carbon at 

3733 K to trap the formed iron carbonyl, which can cause the deactivation of the catalyst. 

Thee composition of the gas mixtures used is shown in table 3.1. 

Tablee 3.1: Reactant gas specifications. 
Gass purities 

Helium m 

Carbonn monoxide 

Unlabelledd oxygen 

Labelledd oxygen 

Carbonn dioxide 

Composition n 

1%Arr in He (99,999%) 

1%% CO (99.95%) 

1%02(99.5%) ) 

55 % 1802 (95 %) in He 

11 % C02 (99.5 %) 

Lao.8Ceo.2Mn033 perovskites were prepared from known molar ratios of La(NO3)3-6H20, 

Ce(N03)3-6H200 and Mn(N03)2-6H20 solution [30]. Precipitation was carried out by slowly 

addingg the nitrate solution (0.5 N) together with a NaOH and H202 solution (0.5 N) into 600 

mll of doubly distilled water at pH = 9.1 and 323 K. The precipitate was subsequently dried 

overnightt at 393 K, powdered, filtered and then calcined at 1073 K for 6 hours. During 

calcinationn the colour of the sample changed from brown to black. The specification of the 

chemicalss used is listed in table 3.2. 

Tablee 3.2: Specification of the chemicals used. 

La(N03)3.. 6H20 

Ce(N03)3.. 6H20 

Mn(N03)2.. 4H20 

NaOH H 

H202 2 

ACROSS 98+ % 

ALDRICHH 99 % 

MERCKK 99% 

MERCKK >99% 

ANALAR,, 30 % w/v H202 
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X-rayy diffraction patterns (XRD) collected on a CPS120 using a primary monochromator 

withh 26 = 5 - , using CuKa radiation, confirmed the formation of the perovskite 

structure.. The surface area was determined by nitrogen adsorption at 77 K on a 

Sorptomaticc 1990 (CE Instruments) and evaluated using the BET equation. The average 

particlee size was determined by means of Hg porosimetry on a Carlo Erba Porosimeter 

4000. . 

3.2.22 Set-up for Transien t experiment s 

Thee step response set-up is represented schematically in figure 3.1. The apparatus 

consistss of a gas feed, a reactor and an on-line gas analysis section. The gas feed section 

equippedd with mass flow controllers contains two gas-blending systems to allow the 

generationn of two different feed streams. The step change is carried out through a high-

speedd chromatographic-type 4-way valve (Vi), driven by helium. For the step response 

experiments,, one feed stream contains 1 vol% CO in helium and the other one comprises 

11 vol% O2 in helium. This valve (V1) allows one feed stream to be fed to the reactor while 

thee other one is directed towards the vent. The gas stream selected by V1 is directed 

towardd a 6-way chromatographic valve (V2). The feed entering valve V2 can then be 

switchedd through the reactor filled with the catalyst bed or to the blank reactor. The blank 

reactorr is used for calibration of mass spectrometer with a mixture of a known composition 

att the reaction temperature, and also for taking the various background signals in the 

reactionn mixture. The back-pressure controller and a U-tube were used to avoid an 

overshoott in the desired step function at the time of switch. 
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Vent t 

Figuree 3.1: Experimental set up for performing step change concentration transient experiments. 

WW high-speed chromatographic-type 4-way valve; V2: high-speed 6-way chromatographic valve; 

MFC:: mass flow controller; BPC: back-pressure controller; MS: on-line mass spectrometer. 

Thee catalyst was placed in a quartz reactor with a 5 mm internal diameter. The length of all 

tubingg connecting V-i, V2 and the inlet system (i.e., capillary tube) of the mass 

spectrometerr must be minimised in order to avoid dispersion effects. For the same reason, 

thee catalyst bed was diluted with two times its weight of glass beads (dp = 0.15-0.18 mm). 

Inn order to create isothermal operating conditions, an inoxyda cylinder was placed around 

thee reactor. The inoxyda cylinder contains a thermocouple to monitor the temperature in 

thee furnace. 

Thee product gas was analysed by a quadrupole MS (Balzers, QMG 420). The background 

signall is subtracted from the obtained MS signal. Also the fragmentation contributions 

(suchh as C02 -> CO) and mass spectrometer sensitivity for the different moleules were 

takenn into account. The corrected data are presented here as molar concentrations. 

3.2.33 Experimenta l procedure s in transien t studie s 

Thee experiments presented here were carried out in a temperature range of 448 K to 523 

K,, 1.5 bar total pressure and a total flow rate of 100 ml-min"1. First, the samples were pre-
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treatedd in-situ: 100 mg of Lao8Ceo.2Mn03 perovskite diluted with 200 mg of glass beads 

wass heated to 773 K (10 K-min"1) in a He flow containing 1vol% of 0 2 and kept at that 

temperaturee for one hour, and subsequently cooled to the reaction temperature. This pre-

treatmentt provided fully oxidised catalysts. Subsequently, these catalysts were flushed 

withh He and subjected to the reaction step sequence (figure 3.2). Both the reducing and 

oxidisingg gas mixture as well as the helium were passed over the catalyst bed for 300 

seconds. . 

II  1.0 
i— — 

"c c 
03 3 
O O c c o o o o 
I— — 

JO O 
o o 
E E 0.5 5 

CO O 02 2 CO O 0 2 2 

o o 
O O 
O O 

0.0 0 
Stepp 1 Step 2 Step 3 Step 4 

Figuree 3.2: Systematic scheme of step sequences (1) -> (4) performed over the fully oxidised 

La0eCeo2Mn033 perovskite; time interval: 300 s. 

Thee reducing and oxidising feed was calibrated with a calibration gas mixture (CO/02/He, 

v/v/vv = 1/1/98, Praxair). The amount of C0 2 formed in each step was calculated by 

integratingg the area under the C 0 2 production curve. The total amount of CO +C0 2 ( IC0X ) 

adsorbedd on the catalyst after either step 1 or 3 was obtained by subtracting the integrated 

areaa under the CO and CO2 response curves from that of the CO feed and 1 vol% C0 2 , 

respectively.. The CO and C 0 2 concentration were calibrated against a standard gas 

mixture.. The amount of adsorbed 0 2 after step change 2 and 4 was obtained in a similar 

way. . 
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Inn order to check whether the reaction is controlled by external mass transport limitations, 

thee catalyst weight (100mg -> 50 mg) and flow rate (100 ml-min"1 -> 50 ml-min"1) were 

varied.. As at 523 K the CO conversion remains unaffected, external mass transport 

limitationss are clearly absent (not shown). The reaction order in CO was determined by 

varyingg the CO concentration (0.5-1.0-1.5-2.0 vol%) in excess oxygen (3 vol%). Similarly, 

thee reaction order in oxygen was determined by changing the oxygen concentration (0.5-

1.0-1.5-2.00 vol%) in 2 vol% CO with helium as balance. 

Thee reduction/oxidation behaviour of this perovskite was also studied by using labelled 

oxygenn at 523 K. Finally, CO oxidation experiments were performed using labelled oxygen 

att 523 K for a gas mixture of 1 vol% CO, 2 vol% 1802 in He with flow rate of 50 ml-min"1. 

3.33 RESULTS 

3.3.11 Catalys t characterisatio n 

Thee crystallinity of the prepared sample investigated by XRD shows that cerium is not 

totallyy incorporated in the perovskite lattice. A small amount of a separate Ce02 phase is 

formedd beside the perovskite structure (not shown). The surface area was determined to 

bee 25 m2-g"1. Hg porosimetry showed a broad distribution with sizes between 20 nm and 

255 \im, with a very strong contribution of dimensions around 1 îm. A fractal-like structure 

hass earlier been observed by SEM (not shown), with particles in the order of 120 nm, 

whichh constitute the overall structure. Most clusters are thus likely in the order of 1 îm. 

3.3.22 Isotherma l reductio n and oxidatio n of La0 8Ceo.2Mn03 

StepStep  1: reduction  with  CO 

Thee response of the oxidised Lao.8Ceo.2Mn03 perovskite to reducing conditions is 

investigatedd by a step change from He to a CO/He mixture. CO2 is formed 

instantaneously,, the C02 production reaching a maximum and then slowly declining to 

zeroo (figure 3.3a). The CO concentration increases from zero to the feed CO concentration 

(figuree 3.3b). 
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Figuree 3.3: CO and C02 response curves after a step change He -» 1vol% CO/He over fully 

oxidisedd La08Ce02MnO3 perovskite, (step 1) in a temperature range from 448 K to 523 K. (a): C02; 

(b):: CO. 

Thee amounts of CO consumed and C0 2 produced are listed in table 3.3. Notice that not all 

COO consumed is converted into CO2, indicating that some CO has been retained on the 

catalystt surface, either in the form of adsorbed CO or CO2, or in the form of carbonates. 

Whenn the gas mixture is switched back to He, neither CO nor CO2 are seen to desorb. The 

64 4 



ChapterChapter 3 StepStep response and transient isotopic labelling studies 

retainedd CO leaves the oxide surface as CO2 during heating in helium in a temperature 

rangee of 500 K - 700 K, suggesting that CO has become strongly bound to the catalyst in 

thee form of bidentate carbonates. 

Tablee 3.3: The amount of C02 produced, CO retained and O consumed in step sequences (1) -» 

(4)) over Lao.eCeo.2Mn03 perovskite, the concentration of those components is expressed in mol per 

moll Cerium. 

T/K K 

448 8 

473 3 

498 8 

523 3 

Step(1) ) 

He-»1%CO/He e 

CO O 

Cons. . 

0.19 9 

0.25 5 

0.29 9 

0.31 1 

C0 2 2 

Prod. . 

0.13 3 

0.19 9 

0.22 2 

0.24 4 

CO O 

ret. . 

0.06 6 

0.06 6 

0.07 7 

0.07 7 

Stepss (2) 

He-»1%02/He e 

0 0 

Cons. . 

0.14 4 

0.25 5 

0.28 8 

0.31 1 

C02 2 

prod. . 

0.03 3 

0.04 4 

0.06 6 

0.05 5 

Stepp (3) 

He^1%CO/He e 

CO O 

cons. . 

0.19 9 

0.23 3 

0.29 9 

0.34 4 

C0 2 2 

prod. . 

0.14 4 

0.16 6 

0.23 3 

0.26 6 

CO O 

Ret. . 

0.05 5 

0.07 7 

0.06 6 

0.08 8 

Stepp (4) 

He-»1%02/He e 

0 0 

cons. . 

0.13 3 

0.23 3 

0.28 8 

0.33 3 

C02 2 

prod. . 

0.02 2 

0.04 4 

0.05 5 

0.07 7 

StepStep  2: re-oxidation  with  O2 

Followingg reduction in CO and a flush with He, the gas mixture was switched to the 

oxidativee feed. During this re-oxidation step, the irreversibly retained CO leaves the 

catalystt completely as CO2 (table 3.3), as the amount of C02 produced is almost equal to 

thee amount of CO retained in step (1). No CO desorption is observed. As the amount of 

oxygenn consumed in step 2 is equal to the amount of CO consumed in step 1, the catalyst 

iss entirely re-oxidised. In contrast, at temperatures below 448 K, re-oxidation remains 

incomplete.. A delay in time is observed for both CO2 production and the oxygen response 

(figuree 3.4a). Oxygen breakthrough is observed only after the CO2 concentration has 

reachedd a maximum (figure 3.4b). No oxygen is seen to desorb when the gas composition 

iss switched from oxygen to He. 
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120 0 

Figuree 3.4: 02 and C02 response curves following a step change He -> 1 vol% 02/He over 

reducedd La08Ce02Mn03 perovskite (step 2) in a temperature range from 448 K to 523 K. (a) C02; 

(b):: 02 . 

StepStep  3 and 4 

Thee CO and C 0 2 response in step 3 after re-oxidation in oxygen is fairly similar to that 

followingg a step change over the fully oxidised catalyst, step 1. The response to step 4 is 

identicall to that of step 2, indicating that the reduction and oxidation of this catalyst are 
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completelyy reversible and very quickly in transient experiments a cyclic steady state is 

reached.. Further reduction and re-oxidation cycles demonstrated full reproducibility. 

3.3.33 Isotherma l reduction/oxidatio n of La0.8Ceo.2Mn03 usin g  1802 

Reduction/oxidationn behaviour of the catalyst was further investigated using labelled 

oxygenn in subsequent reduction/re-oxidation experiments at 523 K. Figure 3.5a shows the 

COO and unlabelled CO2 concentration at the reactor outlet in time at a period of 300 s. The 

amountt of CO consumed and C02 produced in first step change is identical to the first 

cyclee in the previous experiment, since the same CO concentrations were used and the 

oxidationn in the pre-treatment was carried out with unlabelled oxygen. During the oxidation 

stepp with labelled oxygen, mostly C160160 is produced (figure 3.5b). Smaller amounts of 

Q18Q16QQ a n d Q18Q18Q w e r e fo rmec j a s we\\f their response being somewhat delayed with 

respectt to the C160160 response. 

Thee second reduction cycle (figure 3.6a) provides insight in the oxygen exchange during 

re-oxidation.. C160160, C180160 and C180180 are formed instantaneously after the step 

change.. When the C160 concentration in the outlet returns to its original level, the release 

off C160160, C180160 and C180180 decline to zero. Surprisingly, a significant amount 

C I6Q16QQ j s stj|| p r e s e n t during the second reduction step, while re-oxidation of the surface 

hass been carried out with labelled oxygen. 

Thee second re-oxidation step is in essence similar to the first re-oxidation step (figure 

3.6b).. A slightly larger amount of labelled C02 can however be observed in an early stage, 

alongg with C160160 production. 
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Figuree 3.5: Responses of C160, C1602, C18016O, C1802 and IC0 2 after a step change He -» 1 vol% 

CO/Hee (step 1) over fully oxidised Lao8Ce02Mn03 perovskite (a), and after a step change He -> 2 

vol%% 1802/He over the reduced catalyst (b), both at 523 K. 
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Figuree 3.6: Responses of 1802, C1602, C180160, C1802 and I C 0 2 after a step change He -» 1 vol% 

CO/Hee (step 3) over re-oxidised catalyst (a), and after a step change He -> 2 vol% 1802/He (step 

4)) over reduced catalyst (b), both at 523 K. 

3.3.44 CO oxidatio n wit h labelle d oxyge n 

Thee response of CO oxidation for a CO/1802/He mixture is shown in figure 3.7. The 

backgroundd signal is subtracted from the obtained MS signal and subsequently corrected 

forr the inlet pressure, using Ar as a reference gas. 
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Figuree 3.7: Response curves of 1802, C
1602, C

180160 and C1802 in CO oxidation using labelled 

oxygenn at 523 K. 

Followingg the step change from He to the gas mixture, C160160 is formed in two steps. 

Thee labelled oxygen response curve shows an increase to a maximum value and a 

subsequentt decrease, accompanying the appearance of C180160 and C180180 in the 

outlett gas. Surprisingly, the formed C160160 approaches a constant value after going 

throughh a maximum, instead of decreasing to zero, as would be the result of the 

exhaustionn of the available unlabelled oxygen. The signals have been followed for more 

thann 600 s, but no changes were observed after the first 100 s. 

Underr the applied conditions, i.e. near the stoichiometric CO/O2 ratio, we found first order 

reactionn rates in CO and near-zero order in O2. 

3.4.. DISCUSSION 

3.4.11 Reduction/oxidatio n wit h C160,1602 and  1802 of La0.8Ceo.2Mn03 

Involvementt of subsurface oxygen in the reduction steps can be concluded, since the 

amountt of oxygen consumed is 6 times higher than that expected for the reduction of Mn4+ 

->> Mn3+. The tail in the response curves of CO2 appearing in the reduction steps can be 

explainedd by a slower reaction with these subsurface oxygen atoms. 
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Highlyy thermally stable carbonate species i.e., bidentate carbonates are formed on the 

partiallyy reduced oxide surface, since retained carbon species desorbs as C02 at a 

temperaturee higher than 500 K. Similar stable carbonate species have been reported by 

Tejucaa et al. [21] on LaMnC^. Formation and decomposition of carbonate structures have 

alsoo been found for LaCo03 [11,31]. 

Thee existence of carbonate species on the reduced surface of catalyst is further confirmed 

byy using labelled oxygen. The formation of C180160 during either reduction or oxidation 

cann be explained by dissociate adsorption of labelled 1802 (equation 1). However, the 

formationn of both C160160 and C180180 in re-oxidation step can only be explained by 

decompositionn and desorption of the carbonates. The presence of C160160 indicates a 

rapidd exchange between oxygen from the carbonates with lattice oxygen. A delay in C02 

productionn suggests that desorption of C02 from the reduced surface is the rate-limiting 

stepp here. The formation of both C180160 and C180180 indicates that the oxygen in the 

carbonatee bond can either be replaced by surface/subsurface oxygen or by adsorbed-

labelledd oxygen, as described in equations 2-5, in which "g" represents the gas phase and 

"s"" the surface site. 

lSlS002(g)2(g) -+  l«02(s) -> 2180(,) (1) 

C , 6 0 3 , „ + X )) "> Cl6Ol6OlsO(t)+
l6Ow (2) 

CC]6]600]6]600]]*O*O is)is) -  C l 80 , 60( g ) + ,60(T ) (3) 

CCl6l600161600]] \\s)s) +  ]*0(s) -> C, 60, 80, 86» T) + l6Ois) (A) 

CC{6{60'*O0'*O iSiS00(s)(s) -> Cl*0K0(g) +  l6Ois) (5) 

Duringg the second reduction step, C160160, C180160 and C180180 appear 

instantaneously.. Appearance of large amount of C160160 indicates again rapid exchange 

betweenn surface and subsurface oxygen (equation 6), in which "ss" represent the 

subsurfacee site. 

X,, + 160(«, -  , 6O(„+ , 80( B ) (6) 
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Thee high mobility of oxygen in the perovskite lattice can be explained by its highly 

defectivee structure due to the presence of incorporated Ce ions [30]. A small amount of 

labelledd CO2 desorbs during an earlier stage in the second re-oxidation step, indicating 

thatt some 180 has already been built into the lattice. 

3.4.22 CO oxidatio n wit h labelle d oxyge n  1802 

Thee oxidation of carbon monoxide over perovskite-type oxides has widely been studied 

[11,32-35].. The reaction scheme for the catalytic CO oxidation over LaCoi-tCrt03 

accordingg to Tilset et al. [35] must involve reduction and re-oxidation of the catalyst, which 

iss also confirmed by our work. 

Thee appearance of C160160 in outlet gas stream immediately after switching from inert to 

reactantss is the result of the reduction of the oxide via an ER (Eley-Rideal) mechanism, as 

shownn in equation 7. It seems that the desorption of C02 is very fast. Subsequently, CO 

cann adsorb on the partially reduced surface and react with surface oxygen to form C02: 

followedd by CO2 desorption, as described in equation 8 and 9 through a LH (Langmuir-

Hinshelwood)) mechanism. (Labelled) 1802 adsorbs dissociatively on a partially reduced 

surfacee (equation 1), and it may also adsorb on the same active site as CO, since the 1802 

concentrationn in the outlet gas increases after switching from He to reactants and 

decreasess when the C02 concentration rises in the off-gas stream. Desorption of formed 

C022 may regenerate the active site for oxygen adsorption. 

rr i6i6oo + {bo -> c ]6o (7) 

CCuuOOlg)lg) -> C,60M (8) 

c"oc"o it)it) + X , -> c«o2(s) -> C,602{„  <9> 

C1801600 can be formed through a LH mechanism (equation 10). The appearance of 

C1801800 indicates that CO can adsorb on surface oxide ions, leading to a labile species 

thatt interacts with adsorbed atomic oxygen, producing a carbonate structure that then 

decomposess into (adsorbed) C02 and oxygen (equation 11 and 12). 

ccl6l6oo{t){t)++ no(s) -> c1 6o, 8o( i ) (10) 
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CC161600{s){s)+2+2ll*0*0 (s)(s) ~*  C1 601 80, 80U ) (11) 

C16018Ol8<9(J)) -> CnOnOis) + 1 60U ) -> CiaOl*0{g) + , 60( J ) (12) 

Thee formation of C160160 might again be explained by the involvement of oxygen in the 

perovskite,, through an interfacial process due to high oxygen mobility. This is confirmed by 

thee finding of a near-zero reaction order in oxygen for CO oxidation at 523 K, which is a 

directt indication of the involvement of lattice oxygen. It is in accordance with results of Yao 

ett al. [5] and Chuah et al. [32], and confirms our previous finding [30]. Yao and Chuah 

foundd a near-zero reaction order in the partial pressure of oxygen, which suggests the 

involvementt of lattice oxygen from LaMnÜ3. Finally, CO oxidation via the formation and 

decompositionn of carbonates is likely to be important under steady-state conditions 

(equationn 13 and 14), since the concentration of C160160 is relatively high, and remains 

constantt after 100 s. 

C1 601 80, 80( J )) + 160(M ) -> ClbOl6OiS0(s) + i80Us) (13) 

C l 60 , 601 80( j )) -> Cl6O l60(J) + ,8Ou) -> C,6O l 60(g) + ,K0(J) (14) 

3.4.33 Kinetic s of catalyti c CO oxidatio n 

Thee Arrhenius plot obtained from the initial rate of C02 formation during isothermal 

transientt reduction step shows an apparent activation energy of 12.5 kJ-mol"1 (figure 3.8), 

assumingg an Arrhenius temperature dependence for the reaction rate at maximum peak 

height. . 
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Figuree 3.8: Arrhenius plot of the apparent reaction rate towards C02 at the maximum peak height 

afterr a step change from He to 1 vol%CO/He over fully oxidised La08Ce02MnO3. 

Thiss value is close to the apparent activation energy of 16-19 kJ-mol"1 on LaMnCb in the 

temperaturee range of 333 K - 573 K at low oxygen pressure [32]. However, an activation 

energyy of 63.0 kJ-mol"1 was found for the CO oxidation reaction over the perovskite in a 

temperaturee range of 348 K to 498 K under stoichiometric conditions (figure 3.9). This 

activationn energy is of the same order as that observed by Chan et al. [33] for LaMn03 

(66.11 kJ-mol"1) in the temperature range of 373 K - 523 K. 

EA== 12.5 kJ-mol1 
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Figuree 3.9: Arrhenius plot of the apparent reaction rate against reciprocal temperature for 

La08Ceo.2Mn03;; total flow-rate (He:02:CO = 98:1:1) = 100 mlmin"1. 

Whenn the C 0 2 desorption is considered to be the rate determining step, the elementary 

reactionss are: 

o22 + 2 * s ^ ^ 2 0s 

COO + s <z=è CO, 

COss + Os ^ = £ C 02 s + s K33 - k3/k.3 

CO O 
K K 

22 s * C 02 + S Rate-determiningg step 

Assumingg that the adsorption of O2 and CO, and the surface reaction are at quasi-

equilibriumm and the desorption of C 0 2 as the rate determining step is irreversible, the 

followingg rate equation can be derived: 
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NkNkAAK{KK{K 22K,PK,PcocoPl Pl 
RR = r n i—'  (15) 

(11 + K? PI + K2 Pco + K}K2K, Pco PI ) 

Sincee the reaction is first order in CO concentration, it indicates that K2 is very small. Thus, 

K2cann be neglected. The obtained reaction rate equation is: 

RR = 4 ' \ 3
 ]

CQ °' (16) 

(11 + ^ ^ ) 

Forr high oxygen concentration in the gas mixture, the reaction rate equation is expressed 

ass followed: 

RR = Nk4K2K,Pco (17) 

Thee obtained overall activation energy is then given as: 

E^eraitE^erait = ^4 + (* 2 " E-2 ) + ( * , " E_3 ) (18) 

Forr a low oxygen concentration in the gas phase, the reaction rate is: 

RR = Nk4K?K2K3PC0P0
2

2 (19) 

Thee obtained overall activation energy changes to: 

EEmallmall = E,+(^-^)+(E2-E_2)HE3-E^) (20) 

Fromm equations 18 and 20, a decrease of the overall activation energy is found for lower 

oxygenn pressures, which can be attributed to enhanced O2 adsorption on the perovskite 
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surface.. This has been confirmed by findings of Chuah et al., who found a much lower 

activationn energy (16-19 kJmol"1) for LaMn03 at low oxygen partial pressure (CO/02/He, 

v/v/vv = 50/4/46) [32]. At zero oxygen partial pressure, we found even lower apparent 

activationn energies. It is likely, however, that here the mobility of surface/subsurface 

oxygenn through the defective perovskite structure plays a dominant role. The fact that only 

aa weak correlation was observed between the specific surface area and the catalytic 

activityy is also indicative for lattice oxygen migration as the rate-determining step [30]. 

3.5.. CONCLUSION 

Usingg step response and transient isotopic labelling, the mechanism of CO oxidation over 

aa Lao.8Ce02MnC>3 perovskite could be partially revealed. Reduction and oxidation of this 

perovskitee have been shown to be completely reversible at temperatures above 473 K. 

Duringg reduction, CO is retained on the partially reduced perovskite surface in the form of 

highlyy stable (most likely bidentate) carbonates. Large amounts of C160160 are formed 

duringg the second reduction and oxidation steps when using labelled oxygen. This 

indicatess a rapid exchange between surface and subsurface oxygen. Oxygen can adsorb 

dissociativelyy on a partially reduced oxide surface. The adsorption of oxygen is enhanced 

underr reducing reaction conditions, giving rise to a low activation energy. Two reaction 

mechanismss are involved in CO oxidation: the ER- and LH mechanisms. A considerable 

amountt of C160160 is formed, indicating the involvement of lattice oxygen due to the high 

oxygenn mobility through a defective perovskite lattice. This result is in line with the 

experimentallyy observed near-zero reaction order in the oxygen pressure under oxygen 

richh conditions, which is a direct indication of the involvement of lattice oxygen. The 

formationn of both C160160 and C180180 under steady-state conditions indicates that the 

formationn of C02 over Lao8Ceo2Mn03 proceeds over an intermediate carbonate species 

thatt subsequently decomposes. 

REFERENCES S 

1.. E. G. Vrieland, J. Catal., 32 (1974)415. 

2.. D. W. Johnson Jr., P. K. Gallagher, G. K. Wertheim, and E. M. Vogel, J. Catal. 48 

(1977)87. . 

77 7 



ChapterChapter 3 StepStep response and transient isotopic labelling studies 

3.. R. J. H. Voorhoeve, in J. J. Burton, R. L. Garten (Ed.), Advanced Material in Catalysis, 

Academicc Press, New York, 1977, p. 129. 

4.. L. Wachowski, Z. Phys. Chemie  Leipzig, 269 (1988) 743. 

5.. Y. F. Y. Yao, J. Catal., 36 (1975) 266. 

6.. H. M. Zhang, Y. Shimizu, Y. Teraoka, N. Miura, and N. Yamazoe, J. Catal., 121 (1990) 

432. . 

7.. D. Kiepling, R. Schneider, P. Kraak, M. Haftendom, and G. Wendt, Appl. Catal. B: 

Environ.,, 19 (1998) 143. 

8.. K. S. Song, H. X. Cui, S. D. Kim, and S. K. Kang, Catal. Today, 47 (1999) 155. 

9.. Y. Teraoka, K. Nakano, W. Shangguan, and S. Kagawa, Catal. Today, 27 (1996) 107. 

10.S.. S. Hong and G. D. Lee, Catal. Today, 63 (2000) 397. 

11.M.. A. Pena and J. L. G. Fierro, Chem. Rev., 101 (2001) 1981. 

12.S.. Pone, M. A. Pena, and J. L. G. Fierro, Appl. Catal. B: Environ., 24 (2000) 193. 

13.G.. Parravano, J. Am. Chem. Soc, 75 (1953) 1497. 

14.T.. Kawai, K. Kunimoki, T. Kondow, T. Onishi, K. and Tamaru, Z. Phys. Chemie Neue 

Folge,, 86(1973)268. 

15.R.. J. H. Voorhoeve, J. P. Remeika, and L. E. Trimble, Annals of The New York 

Academyy of Sciences, 272 (1976) 3. 

16.. J. M. D. Tascón, and L. G. Tejuca, React. Kinet. Catal. Lett., 15 (1980) 185. 

17.M.. R. Balasubramanian, R. Natesan, and P. Rajendran, J. Sci. Ind. Res., 43 (1984) 

500. . 

18.L.. G. Tejuca and J. L. G. Fierro, Advances in Catalysis, 36 (1989) 237. 

19.. J. M. D. Tascón and L. G. Tejuca, Z. Phys. Chemie Neue Folge, 121 (1980) 63. 

20.. T. Nakamura, M. Misono, and Y. Yoneda, Chem. Lett., (1981) 1589. 

21.L.. G. Tejuca, A. T. Bell, J. L. G. Fierro, and J. M. D. Tascón, J. Chem. Soc. Faraday 

Trans.. 1,83(1987)3149. 

22.. M. A. Pena, J. M. D. Tascón, J. L. G. Fierro, and L. G. Tejuca, J. Colloid and Interface 

Sci.,, 119(1987)100. 

23.. J. H. B. J. Hoebink, J. P. Huinink, and G. B. Marin, Appl. Catal. A: General, 160 (1997) 

139. . 

24.. A. M. Efstathiou and X. E. Verykios, Appl. Catal. A: General, 151, 1997, 109. 

25.. M. Shelef and G. W. Graham, Catal. Rev.-Sci. Eng., 36 (1994)433. 

26.. K. C. Taylor, Catal. Rev.-Sci. Eng., 35 (1993) 457. 

78 8 



ChapterChapter 3 StepStep response and transient isotopic labelling studies 

27.. J. H. B. J. Hoebink, A. J. L. Nievergeld, and G. B. Marin, Chem. Eng. Sci., 54 (1999) 

4459. . 

28.. R. H. Nibbelke, A. J. L. Nievergeld, J. H. B. J. Hoebink, and G. B. Marin, Appl. Catal. B: 

Environ.,, 19(1998)245. 

29.. J. M. A. Harmsen, J. H. B. J. Hoebink, and J. C. Schouten, Chem. Eng. Sci., 56 (2001) 

2019. . 

30.. Y. Zhang-Steenwinkel, J. Beckers, and A. Bliek, Appl. Catal. A: General, 235 (2002) 

79. . 

31.. L. G. Tejuca, A. T. Bell, J. L. G. Fierro, and M. A. Pena, Appl. Sur. Sic, 31 (1988) 301. 

32.. G. K. Chuah and S. Jaenicke, Appl. Catal., 72 (1991) 51. 

33.. K. S. Chan, J. Ma, S. Jaenicke, and G. K. Chuah, Appl. Catal. A: General, 107 (1994) 

201. . 

34.. H. Falcon, M. J. Martinez-Lope, J. A. Alonso, and J. L. G. Fierro, Appl. Catal. B: 

Environ.,, 26 (2000) 131. 

35.. B. G. Tilset, H. Fjellvag, A. Kjekshus, A. Slagtem, and I. Dahl, Appl. Catal. A: General, 

147(1996)189. . 

79 9 



ChapterChapter 3 Step response and transient isotopic labelling studies 

80 0 



Chapte rr  4 

Perovskite-typ ee oxide s as suscepto r material s in dielectri c 

heating * * 

ABSTRACT T 

Dielectricc properties of Lai.xCexMn03 perovskites are investigated in order to assess the 

heatingg behaviour in the wider context of the use of perovskite coatings in microwave 

assistedd soot filter regeneration. Dielectric permittivities in the radio and microwave region 

forr these perovskites were determined at room temperature. The dielectric constant and 

dielectricc loss are related to ionic conduction at low frequencies, while at microwave 

frequenciess storage and loss mainly proceed through reorientation of molecular dipoles. 

Thee dielectric constant rises for a higher degree of La substitution by Ce, which is 

explainedd by an increase of the number of cation/oxygen vacancies. Concurrently the 

meann perovskite crystallite size decreases, which is possibly related to defect formation. 

Thee dielectric constant declines for x > 0.3, along with the formation of a separate, low 

dielectricc permittivity Ce02 phase. The La-Ce-Mn perovskites are further shown to exhibit 

aa high thermal stability during repeated heated/cooling cycles. 

** This work has been submitted for publication in Journal of Materials Science: Y. Zhang-Steenwinkel, H.L. 

Castricum,, A. Bliek and E. Esveld, JMSC11428-04. 
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4.11 INTRODUCTION 

Perovskite-typee oxides of the general formula A^Ax'BT.yBy'03 are widely studied dielectric 

materialss [1-4]. The combination of very low losses, rather high dielectric constant and 

highh thermal stability at ultra high frequencies, renders these materials suitable for use as 

microwavee resonators and filters [5,6]. Typical examples are Sr(Zni/3Nb2/3)03-

Ba(Zn1/3Nb2/3)033 and Ba(Yi/2Tai/2)03 [7-9]. 

Perovskite-typee oxides have also been widely used as catalysts in various oxidative and 

reductivee reactions [10]. Some perovskites may even be considered as an alternative to 

expensivee noble metals (e.g., Pd and Rh) in automotive exhaust control catalysis [11,12] 

duee to their high hydrothermal stability, high catalytic activity and low costs. Various La-

containingg oxides demonstrate a high dielectric loss. These materials have thus been 

consideredd as sensitising materials. One application is the used of such materials as a 

catalyticc coating in the application of microwave-assisted in-situ soot filter regeneration for 

Diesell engines. Takatsu et al. [13] reported about such an application for LaCo03 and 

demonstratedd that this material can be rapidly heated by dielectric means and is thus 

applicablee in cold-start applications for Diesel engines. 

Dielectricc properties of perovskites have been widely studied. Setter et al. [9] have 

reportedd that dielectric permittivities of perovskites are closely related to polarizability and 

too the dilution of dipoles caused by thermal expansion on A and B sites. Ivanov et al. [14] 

noticedd that phase transition can cause a jump in dielectric permittivity for Lai.xSrxMn03 at 

sub-millimeterr wavelengths. Phase transitions found in complex perovskites are linked to 

ionn packing densities. Therefore, the dielectric permittivity has been correlated to the 

tolerancee factor, ionic size. It was found that dielectric loss is lower when the tolerance 

factorr was closer to unity [8]. Shan et al [15] have reported that a decreasing in dielectric 

constantss with for higher atomic number of Ln (from Dy to Lu) for Ln0.5Na0.5TiO3. Dwivedi 

ett al. [16], reports that the dielectric constant of Cai-xLax(Ti1.xCrx)03 first increase for x = 

0.011 to 0.3, and subsequently decreases for x increasing up to 0.5 at room temperature. 

Inn the present study, we investigate the dielectric properties of LaMn03 in particular with 

regardd to the influence of substitution of La in LaMn03 by Ce. Substitution of Ce has been 

shownn to lead to a higher activity in oxidation of CH4 during dielectric heating [17], which 

explainss its widespread use in automotive catalysis. The dielectric properties are further 

relatedd to the bulk structure, mean crystallite size and surface morphology. Measurements 
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weree carried out on pressed perovskite pellets using an open-ended coaxial line dielectric 

probee method, and corrected for the density. Finally the thermal stability and sintering 

behaviourr were probed. 

4.22 THEORY 

4.2.11 Dielectri c permittivit y 

Thee dielectric properties of a material can be characterised by the (frequency-dependent) 

valuess of the dimensionless relative dielectric permittivity (e), relative to the permittivity of 

vacuumm (eo = 8.85  10"12 F/m). Fora real dielectric, e is a complex value [18,19]: 

ee = e'-je (1) 

Thee real part e' is the dielectric constant, which is a measure of the amount of energy that 

cann be stored in a material in the form of electric field. The imaginary part e" is termed the 

losss factor, which is a direct measure of how much energy a material can dissipate in the 

formm of heat. When a material is placed in a microwave field, the power absorbed by the 

materiall P (W-m"3) is a function of the applied microwave frequency f (MHz), the electric 

fieldd inside the material E (kV-rrf1), and the complex dielectric permittivity of the material: 

pp = 2-7t-f-s Q-e-E2
rms  (2) 

4.2.22 Dielectri c mixtur e equation s for pellet s 

Thee permittivity is a volumetric property and depends on the density, which is strongly 

variablee for powder materials. Various dielectric mixing formulas are known which 

theoreticallyy take into account the shape and structure of the inclusions in the mixture, but 

theyy are limited applicable in practice. The empirical exponential model is most frequently 

encounteredd [20,21]: 

<< = 2>'* * (3) 

wheree em is the permittivity of mixture and Oj the volume fraction of the component i. 

Nelsonn [22] found that for dry carbohydrate and coal powders it fits quite well for k = 1/3. 

Sincee the similarity of the dielectrical properties of the perovskite powders with these 

materials,, it seems to be legitimate to use this relation. For mixtures with air (e = 1+0i) the 

equationss reduces to the Landau, Liftshitz and Looyenga relation [23]: 
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(e(emmyy 3 = a > . ( ^3 _ i ) + i ; O =?*-  (4) 

Pi Pi 

withh pm the mixture density and p2 the lattice density of the material. In order to calculate 

thee real and imaginary parts of the dielectric permittivity e2 of the solid material, an 

analyticall expression for both parts is needed. As the analytical complex separated 

solutionn is rather cumbersome, the following approximation is used, since the imaginary 

partt is often smaller than the real part: 

(a(a + i-b)k = ak+i-~-k-b ; a»\b\ (5) 
a a 

Byy rewriting the Looyenga equation in a complex separated approximation, the following 

relationss are found between em (em = £mr + i £mi) and e2 (e2 = e2r + i e2j): 
i i 

^= [0 -4 -+ l -<D]**  (6) 
i-j t t 

££
mimi = [O  £*, + 1 - <D] * ' £ £kk{r{r  * *  £ £2i2i (7) 

4.33 EXPERIMENTAL 

4.3.11 Material s preparatio n 

AA series of Lai.xCexMn03 perovskites with x = 0, 0.05, 0.1, 0.2 and 0.3 was prepared by 

co-precipitationn of 0.5 N aqueous solutions of the corresponding nitrates with 0.5 N NaOH 

andd H202 (Mn:H202 = 1.8) at 323 K and a pH of around 9.1. Subsequently, the obtained 

precipitatee was filtered off, washed, dried overnight at 393 K in air, and calcined in air at 

10233 K for 6 hours. Further details have been described elsewhere [24,25]. For 

comparison,, a commercial La0.8Ceo.2Mn03 perovskite (99%) prepared by combustion 

sprayy pyrolysis was obtained from Praxair Specialty Ceramics. 

4.3.22 Structura l characterisatio n 

Thee bulk structure of the perovskites before and after dielectric heating in helium was 

determinedd by a CPS 120 (XRD) equipped with a primary monochromator using CuKa 

radiation,, with 29 in the range from 5 to . Solid densities are measured by a 

Multivolumee Pycnometer 1305 using He as filling gas. The surface areas before and after 

dielectricc heating were determined by N2-physisoption at 77 K on a Sorptomatic 1990 (CE 
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Instruments)) and evaluated using the BET equation. The surface morphology of the 

perovskitess was studied by using a Jeol High resolution SEM (JSM6000F) with a Field 

Emissionn Gun FEG. 

4.3.33 Dielectri c heatin g experiment s 

ExperimentalExperimental set up 

Dielectricc heating was carried out in a microwave set-up consisting of three parts: inlet 

manifolds,, a microwave system with a reactor and a Mass Spectrometry gas composition 

analyserr (Prisma QMS 2000) (figure 4.1). The microwave system is operated at 2.45 GHz 

inn a travelling wave once-through system with continuously adjustable power (Muegge, 

maximumm 1kW). This system consists of a three-stub tuner section (Muegge), an 

applicatorr TE10, a circulator (Philips) connected to a water load and a water dummy load 

locatedd at the end of the copper waveguide. The stub tuners protect the microwave source 

againstt reflected radiation. The incident reflected and transmitted power is measured by a 

powerr meter (Rhode & Schwarz). A quartz sample holder (i.d. = 18 mm) is placed 

perpendicularlyy to the direction of propagation in order to achieve maximum microwave 

absorptionn by the tested samples. For all experiments, the bed volume of the sample was 

keptt constant (10 cm3). 
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Figuree 4.1: Schematic drawing of the microwave set-up operated at 2.45 GHz in travelling wave 

once-throughh mode with a microwave source with continuously adaptable power (max. 1 kW). 

Thee temperature in the sample bed is controlled by implementing a control loop over the 

microwavee power. The temperature of the sample bed is assessed by an optical fibre 

(Luxtron,, Accufiber-OFT straight end lightpipe) with a lower detection limit of 373 K. 

Calibrationn of the optical fibre was carried out by heating both the fibre and a 

thermocouplee conventionally between 473 K and 923 K. 

DielectricDielectric heating procedure 

Priorr to dielectric heating, the as-prepared sample powders were placed in the quartz 

reactorr and dried in a conventional oven to 423 K in a He flow (gas hourly space velocity, 

GHSVV = 600 hr"1) with a heating rate of 5 K-min"1. After cooling down in He to room 

temperature,, the reactor containing the powder was transported to the microwave cavity. 

Dielectricc heating was carried out to 873 K in He (GHSV = 600 hr"1) at 2 K-min"1. The 

samplee was subsequently kept at that temperature for 24 hours. Following this the 

sampless (still in the He flow) were rapidly heated at an incident power of 200 W for one 
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hourr and cooled down to room temperature. This was repeated five times in order to test 

thee thermal stability during dielectric heating. 

4.3.44 Dielectri c permittivit y measurement s 

Thee dielectric permittivities of the perovskites near the microwave frequency (from 30 MHz 

too 3 GHz) were obtained at room temperature by an open-ended coaxial line dielectric 

probee [26]. A network analyser (HP 8752A) constitutes both the source and the detector 

off electromagnetic waves for a range of defined frequencies. The analyser is coupled by a 

coaxiall line to an open-ended probe (Agilent HP 85070C), which has to be in direct 

contactt with the sample to be characterised. A schematic view is shown in figure 4.2. The 

endd of the coaxial line, defined by the probe itself and the sample, represents a capacity 

composedd of the internal probe capacity and the fringing field capacity, which is 

determinedd by the permittivity of the sample. This capacity influences the phase and 

amplitudee of the reflected signal back to the network analyser. For good results, it is 

requiredd that the samples are homogeneous and have flat surfaces. To this end, the 

perovskitess were pressed to pellets with 10 mm diameter by 4 mm high by using a 

Benchtopp Single Punch Tablet Press Set up (TDP model) at a maximum pressure of 1.5 

ton.. Pellet densities were assessed over their weight and volume. 

computer r 
11 | i _ il Network Analyzer 

Figuree 4.2: Schematic drawing of measuring system for dielectric permittivity: open-ended coaxial 

linee dielectric probe; E: electric field. 
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4.4.. RESULTS 

4.4.11 Bul k structur e and surfac e morpholog y of fres h La-Ce-Mn perovskite s 

Afterr calcination at 1073 K, well-defined perovskite crystalline structures are obtained for 

perovskitess with x = 0, 0.05 and 0.1 (figure 4.3). For higher degrees of Ce substitution, 

ceriumm is not entirely incorporated into the perovskite lattice, and two characteristic Ce02 

peakss with reflections at 3.14A and 1.63A can be observed for x = 0.2 and 0.3. A small 

shiftt towards smaller d-values in the perovskite lattice constants is observed for increasing 

Cee contents. The average crystallite sizes was assessed using the Scherrer equation for 

reflectionss at 29= 22.8  and 28.3  for perovskite and Ce02, respectively (table 4.1). 

Substitutionn of La by Ce clearly results in a decrease of the crystallite size. Also the 

preparationn method is relevant: for the commercial La0.8Ceo.2Mn03 perovskite prepared by 

combustionn spray pyrolysis, much larger crystallite sizes are found for both the perovskite 

andd the Ce02 phases than for the co-precipitated sample. 

Figuree 4.3: XRD patterns of La^CexMnOa powder (x = 0, 0.05, 0.2 and 0.3) calcined at 1073 K in 

airr for 6 hours. : perovskite reflections; ) Ce02reflections. 
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Tablee 4.1: Average crystallite sizes of Lai.xCexMn03 perovskites with x = 0, 0.05, 0.1, 0.2 and 0.3 

beforee and after dielectric heating, estimated by means of the Scherrer equation. 

X X 

0 0 

0.05 5 

0.1 1 

0.2 2 

0.2a a 

0.3 3 

Averagee crystallite size (fresh) 

(nm) ) 

Perovskite e 

26.1 1 

23.7 7 

20.1 1 

15.4 4 

23.9 9 

13.1 1 

Ce02 2 

n.a.* * 

n.a. . 

n.a. . 

9.5 5 

17.0 0 

11.0 0 

Averagee crystallite size (nm) 

(afterr dielectric heating) 

Perovskite e 

13.6 6 

10.6 6 

n.a. . 

12.0 0 

n.a. . 

13.0 0 

Ce02 2 

n.a. . 

n.a. . 

n.a. . 

12.1 1 

n.a. . 

13.8 8 

a:: combustion spray pyrolysis 

n.a.:: not applicable 

AA high degree of cerium substitution results in microstructural changes, which can be 

observedd by SEM (figure 4.4). The surface image of LaMn03 demonstrates that this 

materiall consists of uniform particles with sizes of about 0.1 urn, whereas the morphology 

off Lao.8Ceo.2Mn03 has a layered and agglomerated structure. 

Figuree 4.4: Surface morphology of LaMn03 powder (a) and La0 aCe0 2Mn03 powder (b) obtained by 

SEM. . 

89 9 



ChapterChapter 4 PerovskitesPerovskites as susceptor materials in dielectric heating 

4.4.22 Dielectri c heatin g 

Alll perovskites are sensitive to microwave irradiation and can easily be heated. 

Lao.8Ceo.2Mn033 demonstrates a high thermal stability. The dielectric loss factor and thus 

thee final temperature obtained remain constant over a 24 hour period (figure not shown). 

Moreover,, the perovskites are stable with respect to rapid and repeated heating, as 

illustratedd for LaMnC>3 in figure 4.5 for repeated heating/cooling cycles. A constant 

temperaturee of 750 K was reached during these cycles at a constant absorbed power. This 

indicatess that radiatic loss is euqal with heating energy. 

1073 3 

i_ _ 
_3 3 

TO TO 

CD D 
CL CL 

E E 
CD D 

22 3 4 

Timee (hours) 

55 6 

CD D 
3 3 o o 
Q--

" O O 
CD D 

_Q Q 
i— — 
O O 

en n 

< < 

Figuree 4.5: Temperature response and absorbed power for five subsequent dielectric heating 

cycless under a He flow (GHSV = 600 hr"1) at an incident power of 200 W for LaMn03 powder. 

Thee fraction of absorbed microwave increases with temperature (figure 4.6a). For x = 0 

andd 0.05, a sudden increase in power absorbed is observed at 450 K and 440 K, 

respectively,, which is accompanied by a small release of oxygen. No direct relation can be 

observedd between the amount of Ce substitution and the absorbed microwave power. 

However,, a linear relation is found between the bulk density and the absorbed microwave 
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powerr (figure 4.6b), although the value for x = 0.3 is somewhat low with respect to the 

otherr values. 

Noo significant change in bulk structure is observed after the dielectric heating (figure 4.7), 

althoughh for La0.7Ceo.3Mn03 two peaks appear at 46.7  and 47.5  replacing a single peak 

att . Mean crystallite sizes and specific surface areas of the tested perovskites after 

heatingg are given in table 4.1 and 4.2 respectively. For all tested perovskites, some 

sinteringg occurs as evidenced by a loss in surface area is observed after heating in helium. 

Tablee 4.2: Specific surface areas of La1.xCexMn03 perovskite powders with x = 0, 0.05, 0.1, 0.2 

andd 0.3 before and dielectric heating. Heating procedure: heating to 873 K at 2 K-min"1 in He 

(GHSVV = 600 hr"1) for 24 hour, subsequent cooling down to room temperature in helium, followed 

byy rapid and repeated heating at an incident power of 200 W for five times. 

Sample e 

LaMn03 3 

La0.95Ceo.o5Mn03 3 

Lao9Ceo.iMn03 3 

La08Ceo2Mn03 3 

Lao7Ce0.3Mn03 3 

Surfacee area before heating 

[m2g1] ] 

10.0 0 

17.1 1 

26.1 1 

41.0 0 

26.8 8 

Surfacee area after 

heatingg [m2-g~1] 

2.3 3 

5.3 3 

n.a." " 

21 1 

6.5 5 

*:: not available 
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400 0 500 0 6000 700 

Temperaturee (K) 
800 0 900 0 

0.166 0.18 

Bulkk density (g/cm3) 
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Figuree 4.6: Absorbed power as a function of temperature (a) and bulk density verses the absorbed 

powerr (b) during dielectric heating (2 Kmirf1) in helium (GHSV = 600 hr"1) for La1.xCexMn03 

perovskitee powders with x = 0, 0.05, 0.2, 0.3. 
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Figuree 4.7: XRD patterns of Lai.xCexMn03 perovskite powders with x = 0, 0.05, 0.2 and 0.3 before 

andd after microwave heating; ) perovskite reflections; ) Ce02 reflections. 

4.4.33 Dielectri c permittivit y 

Thee dielectric permittivity of solid perovskites, as calculated according to equations 6-7, 

aree represented in figure 4.8. For all tested samples, both the dielectric constant and the 

losss factor decrease at higher frequencies. However, for x = 0.05, the loss factor slightly 

increasess at higher frequencies. Both the measured dielectric properties of the perovskite 

tabletss and those calculated for the solid material at 2.45 GHz are summarised in table 

4.3. . 
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Figuree 4.8: Dielectric loss factor (s2") (a) and dielectric constant of solid materials (e2') (b) as a 

functionn of frequency at room temperature for Lai.xCexMn03 pellets, with x = 0, 0.05, 0.2 and 0.3, 

ass calculated from generalised Looyenga equation. 
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Tablee 4.3: Pellets and solid densities, measured sm' and £m", solid dielectric constant e'2 and loss 

factorr e2" as calculated from equations 6-7, and loss factor e2" normalised with respect to lattice 

density,, at 2.45 GHz and at 298 K for La^CexMnOs perovskite pellets (x = 0, 0.05, 0.2, 0.3). 

X X 

0 0 

0.05 5 

0.2 2 

0.2* * 

0.3 3 

Densityy (gem3) 

Tablett (p) 

3.53 3 

3.73 3 

2.56 6 

3.90 0 

2.60 0 

Solidd (p2) 

4.26 6 

4.65 5 

4.13 3 

4.69 9 

3.95 5 

Permittivityy pellets 

Em m 

20.90 0 

21.17 7 

23.08 8 

21.02 2 

17.55 5 

£m m 

6.74 4 

6.74 4 

4.33 3 

3.60 0 

3.41 1 

Solidd perovskites 

£2 2 

30.34 4 

33.33 3 

62.07 7 

30.53 3 

38.98 8 

E2 2 

9.95 5 

11.46 6 

13.41 1 

5.58 8 

8.69 9 

ee 2AP2) 

2.34 4 

2.46 6 

3.25 5 

1.19 9 

2.20 0 

*:: La0.8Ceo.2Mn03 perovskite prepared by combustion spray pyrolysis 

4.5.. DISCUSSION 

4.5.11 Crystallin e structur e relate d to Ce substitutio n 

Thee small shift in the perovskite lattice constants for a higher degree of substitution of La 

byy Ce is expected as Ce has a somewhat smaller ion radius than La. The disappearance 

off a well-defined crystalline structure with larger amounts of Ce is indicated by the smaller 

crystallitee sizes. A larger volume of a disordered (amorphous) structure is formed at the 

grainn boundaries. This can be explained by strain induced by Ce substitution, either due to 

sizee mismatch of Ce or to the creation of oxygen defects, and is in line with the formation 

off a less-ordered surface morphology, as shown by SEM. The crystallite size of the Ce02 

phasee increases slightly with Ce substitution, indicating the formation of well-defined 

crystallinee CeÜ2. 

4.5.22 Dielectri c behaviou r durin g heatin g 

Alll tested perovskites are capable to absorb microwave energy. The absorbed microwave 

powerr increases at higher temperature, indicating an increase of the dielectric loss factor 

[19].. This is to be expected since the loss is composed of both conduction and dipolar 

reorientationn losses. With temperature, the conduction increases as does the frequency of 

maximumm dipolar loss. The jump in absorbed power at low temperatures for x = 0 and 0.05 

mayy be related to desorption of weakly bonded surface oxygen, as some oxygen was 

detectedd by MS. This may lead to a sudden increase in bulk density (sintering), which 
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explainss the increase in absorbed power. No gas release was detected for x = 0.2 and 0.3, 

whichh can be explained by the oxygen deficient structure created by Ce substitution [24]. 

Thee linear correlation between the absorbed power and the bulk density of the powders is 

ann indication that the loss factor is density dependent. This clearly indicates that the final 

sinteringg density is the prominent parameter that rules the microwave absorption of the 

perovskitee samples. The change in microwave absorption is not caused by a sudden 

increasee in the (density-corrected) loss factor, which is known to give rise to run-away 

effectss during dielectric heating. 

Thee long-term heating and rapid and temperature cycling experiments suggest a high 

thermall stability of the perovskite structure. This is confirmed by XRD, showing that the 

perovskitee retains a well-defined crystal structure after heating. However, the BET surface 

areass of the powders decreased dramatically. The least sintering was observed for 

Lao.8Ce0.2Mn03.. The perovskite crystallites did not grow during heating, while a small 

increasee of the CeÜ2 crystallite size was found, suggesting some sintering only of the 

Ce022 phase. 

4.5.33 Dielectri c propertie s 

Thee dielectric loss factor <sm") of the perovskites at 2.45 GHz at room temperature is about 

3,, which is roughly of the same order as the value of soot [19]. A decrease in dielectric 

losss with higher frequencies is observed for all tested samples except for 

Laoo 95Ceo.oöMn03. At the lower frequencies the dominant mechanism of energy transfer to 

aa dielectric material is through conductive currents flowing due to the movement of ionic 

constituents.. The effect of this mechanism can be enhanced by the presence of impurities, 

andd decreases proportional to the frequency. At higher microwave frequencies (around 1 

GHz),, energy is primarily absorbed by reorientation of permanent dipole molecules. For x 

== 0, 0.2 and 0.3, the inverse relation of E2" with frequency in the low-/" region thus indicates 

aa strong effect of ionic constituents along with the existence of weak molecular dipole 

moments.. The remarkable slight increase in dielectric loss with increasing frequency for x 

== 0.05 may be explained by only a very weak loss by conduction through ions, with loss 

throughh dipole reorientation being the dominant mechanism. The minor contribution of 

ionicc conduction could be related to Ce doping, minimising the number of ionic dipoles 

(possiblyy oxygen vacancies or interstitials). 
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Ass the dielectric loss is determined by the number of dipoles, this value is expected to be 

density-dependent.. For this reason, the values have been given after division through the 

latticee density p2 (figure 4.9). At frequencies above 1 GHz, an increase in the density-

correctedd dielectric loss with rising Ce substitution is found, with a somewhat lower value 

forr x = 0.3. 

CP P 

a a 

\% \% 

++ D t e t b * * « ^ 

X V ^ W M l W * « , , , * * * ( * W ™ ' ^ ^ 

 0.3 
== 0.2 
AA 0.05 
xO O 

ff (MHz) 

Figuree 4.9: Density corrected loss factor (E2"/p2) as function of frequency at room temperature for 

LaLxCexMnOaa pellets, x = 0, 0.05, 0.2 and 0.3. 

Thee gradual decrease of the dielectric constant with rising frequency for all tested samples 

iss also representative of the loss of coupling of ionic sites to the field at higher frequencies. 

Here,, again, the sample with x = 0.05 is deviant from the others, with a much smaller slope 

att low frequencies. This can likewise be explained by a smaller number of ionic dipoles in 

thiss material. 

Thee measured dielectric constants of the pellets and the calculated value of the solid 

materialss at 2.45 GHz show an increase for cerium substitution up to x = 0.2, followed by a 

smallerr value for x = 0.3. A similar trend is found for the density-corrected dielectric loss of 

solidd perovskites. The smaller values at x = 0.3 can well be explained by the presence of a 

separatee Ce02 phase with a low dielectric constant (2.8) [27] and low dielectric loss [28], 

whichh results in a net drop in both e' and s". 
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Inn the low-f region, the dielectric constants and loss factors up to x = 0.2 correspond to a 

dropp in crystallite size and bulk density. Small crystallite sizes and low bulk densities can 

bee explained by lattice strain and by a higher concentration of cation/ oxygen vacancies. 

Thee latter could lead to a higher concentration of ionic dipoles and thus to higher values 

forr e'. The presence of vacancies has also been confirmed in earlier work [24], and related 

too oxidation activity. Clearly, the dielectrical properties of this material are a good 

indicationn of the activity-related number of defects. For x = 0.05, it may be suggested that 

thee total number of oxygen and cation vacancies has become minimised due to Ce 

substitution. . 

Thee dielectric constants and loss factors are influenced by the bulk composition but also 

byy the method of preparation. The materials prepared by co-precipitation and by 

combustionn spray pyrolysis show different results, suggesting a less defective structure for 

thee latter material. 

4.6.. CONCLUSION 

Interactionn with microwave irradiation has been studied for LaMn03 perovskites with a 

varyingg degree of Ce doping. High dielectric constants e' have been found, as well as 

intermediatee dielectric losses s". The e" values slightly increase with temperature, but do 

nott give rise to runaway effects, making the materials highly suitable for dielectric heating. 

Whilee some sintering occurs during dielectric heating in helium, no significant changes in 

thee bulk structure were observed after dielectric heating, indicating sufficient thermal 

stabilityy for all perovskites. The highest thermal stability was found for Lao8Ceo.2Mn03. For 

xx = 0.05, a comparatively small dielectric constant and loss factor are observed at low 

frequencies,, indicating a small contribution of ionic conduction. This may be attributed to 

effectivee annihilation of ionic defects for this amount of Ce doping. At microwave 

frequencies,, dipolar reorientation mechanisms are dominant. An increase of the dielectric 

constantt and dielectric loss is found with increasing amount of Ce up to x = 0.2, which can 

bee attributed to a larger number of cation/oxygen vacancies. For x = 0.3, both the dielectric 

losss and dielectric constant decrease, as a result of the formation of a separate Ce02 

phasee with low values for e and e". 
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Chapte rr  5 

Dielectri cc  heatin g effect s on the activit y and S02 resistanc e of 

La00 sCe0 2Mn03 perovskit e for methan e oxidation * 

ABSTRACT T 

Thee catalytic activity in CH4 oxidation over a Lao.sCeo^MnOa perovskite as a model 

reactionn is investigated under dielectric and conventional heating conditions. As these 

materialss are both microwave sensitive and catalytically active, they may be applied as 

coatingg material for ceramic soot filters for the reduction of soot emission from Diesel 

engines.. Dielectric heating is shown to result in a much higher CH4 conversion and a 

higherr resistance to S02 poisoning. We propose that local hot spots on the catalytic 

surfacee explain the increased activity toward CH4 conversion. The catalytic activity in SO2 

iss largely maintained, as pore blockage by sulphates, as experienced in conventional 

heating,, is counteracted. 

Thiss work has been published in the Journal of Catalysis: Y. Zhang-Steenwinkel, H.L. Castricum, J. 

Beckers,, E. Eiser, A. Bliek, J. Catal., 221 (2004) 523-531. 
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5.11 INTRODUCTION 

Whereass Diesel engines have favourable engine efficiency and therefore contribute to the 

reductionn of green house gases, environmental pollution by diesel-engine exhausts in the 

formm of soot particulate matter is of increasing concern [1-3]. Due to the carcinogenic 

naturee of soot, soot emission standards will be tightened drastically in Europe in the 

comingg 5 years. For this reason, substantiall efforts are devoted to the development of new 

catalyticc after-treatment processes [4]. Several techniques have been developed to deal 

withh soot emissions, such as the use of homogenous fuel additives (passive regeneration) 

andd the use of inert or catalytically active filters. Ciambelli et al. [5] showed that a reduction 

off the soot ignition temperature by about 180 K is possible using Cu/V/K/CI/Ti coated 

ceramicc filters. Teraoka et al. [6,7] studied new catalysts for simultaneous NOx-soot 

removal,, in particular spinel-type (AB204) and K2NiF4-type (A2B04) materials. These 

authorss found that the catalytic performance of these materials depends to a significant 

extentt on the constituent metal, CuFe2C>4 being superior in terms of selectivity to nitrogen 

formation,, and a low selectivity to nitrous oxide. 

AA problem with passive regeneration using catalytically active filters is the sometimes too 

loww Diesel exhaust temperature. Active regeneration would either require raising the off-

gass temperature, for instance, by a modified operation of the engine, or by heating the 

entiree filter element to soot light-off temperatures. From an energetic point of view neither 

methodd can be considered to be elegant. An alternative is the use of microwave-assisted 

regeneration,, allowing instantaneous and energetically efficient heating [8,9]. As dielectric 

heatingg is a bulk technique, it is faster than heating based on conduction. Moreover, yet 

unexplainedd and surprisingly high catalytic reaction rates have been reported [10-16]. The 

presentt objective is to assess the feasibility of using a microwave sensitive catalytic 

materiall as a soot filter coating. By periodic exposure to a dielectric field, the coating is 

allowedd to reach soot ignition temperatures, resulting in the self-sustained carbon burn-off. 

Amongg different candidate materials, perovskite-type oxides have been reported as active 

catalystss in the oxidation of CO, hydrocarbons and chlorinated hydrocarbons, as well as in 

automotivee exhaust catalysis [17-20]. As compared to noble metals, perovskite-based 

catalystscatalysts pair a comparable activity to a high resistance to deactivation by hydrothermal 

sintering,, and low cost [21]. Moreover, these oxides are high loss dielectric materials 

[22,23],, which render them suitable for the present purpose. Perovskites can be described 
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byy the general structural formula AB03 , with A generally a lanthanide ion and B a 

transitionn metal ion. A and B can both be partially substituted by other ions, which leads to 

aa wide variety of mixed oxides, Ai-xA'xBi.yBy - 5 is a measure of the number of 

structurall and electronic defects and corresponding cation/anion vacancies due to non-

stoichiometryy [21]. In earlier work [24], we demonstrated that for La-Mn based perovskites, 

thesee vacancies contribute to the catalytic activity in full oxidation. 

Too assess the practicality of these perovskites for the present purpose, we need to 

establishh their sensitivity to SO2 poisoning under the conditions relevant to automotive 

operationss [25]. As SO2 has a high electronic affinity, depending on the reaction 

temperaturee and composition of the perovskites, the sulphur species, S02, SO3, SO32", 

SO42"" and S2~ have all been reported [25,26]. 

Presently,, S02 poisoning is investigated for La0.8Ceo.2Mn03 prepared by co-precipitation, 

andd used in CH4 oxidation as a model reaction, in both conventional and dielectric heating 

experiments.. The composition and surface structure of sulphur-poisoned catalyst have 

beenn studied using FTIR, XRD, XPS, TPR and TEM. 

5.22 EXPERIMENTAL 

5.2.11 Catalys t synthesi s and characterisatio n 

Thee perovskite-type oxide La0.8Ce0.2MnO3 was prepared by co-precipitation, according to 

thee method described in elsewhere [18,24]. The chemical composition is assessed using 

Inductivelyy Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) on a multichannel 

Thermoo Jarrel Ash ICAP 957 spectrometer, upgraded to ICAP 61. The specific surface 

areaa and pore volume were measured by nitrogen adsorption at 77 K on a Sorptomatic 

19900 (CE Instruments) and evaluated using the BET equation. The density of the 

perovskitee is measured by a Multivolume Pycnometer 1305 using He as filling gas. 

Crystallographicc analysis was carried out by powder X-ray diffraction (XRD) on SR 5069 

usingg a PW 1830 generator with 20 = 10 - , CuKa radiation. Data with respect to 

chemicall composition and physical properties are summarised in table 5.1. 

103 3 



ChapterChapter 5 DielectricDielectric heating effects on the activity and S02 resistance 

Tablee 5 .1 : the chemical composition and physical parameters of the Lao.8Ce0.2Mn03 perovskite 

Parameter r 

Elementall composition (mol.) 

SBET T 

Poree volume 

Meann pore diameter 

Density y 

Solidd composition 

Analysiss method 

La:: Ce:Mn = 0.72: 0.18: 1 

43.33 m2 g-1 

0.111 cm3g"1 

10.11 nm 

2.644 g cm"3 

Perovskitee + Ce02 

ICP-AES S 

N22 adsorption 

N22 adsorption 

N22 adsorption 

Pycnometer r 

XRD D 

Infraredd spectra were obtained on a Bio-Rad FTS 45A system equipped with a MCT 

detectorr with a resolution of 2 cm"1 in a range of 400 cm"1 to 4000 cm"1. 

Thee core levels and valence electronic structure of the catalysts were studied using X-ray 

photoelectronn spectroscopy (XPS) on a VG ESCAlab 210i-XL spectrometer with Mg Ka 

(1253.66 eV) as the excitation source. The spectra were recorded in the fixed analyser 

transmissionn mode with pass energy 70 eV and at pressures less than 10"10 mbar. The 

coree level of La 3d, Mn 2p, S 2p and Ce 4d species were recorded and relative intensities 

'ss 2p/l(La + Mnj determined. 

TEMM images were obtained on a JEOL 2010 Transmission Electron Microscope (point to 

pointt resolution of 0.23 nm and lattice image resolution of 0.14 nm) operated at 200 keV 

withh a LaB6 filament. All images were collected using a Gatan multiscan ccd camera 

(modell 791). 

Thee catalysts were reduced in a thermo-gravimetric analysis (TGA) set-up. About 200 mg 

off sample, weighted to  0.1 mg accuracy, was heated in the flow of a H2/Ar mixture (v/v 

2/1,, SV = 1 x 10"2 nrf3s~1kg"1, Praxair, 99,999%). During reduction, the temperature was 

raisedd at 2.5 K-min"1 to 1073 K and kept there for one hour. The composition of the exit 

gass stream was analysed using mass spectrometry. The same experiments for about 15 

mgg of sample were also carried out in a temperature programmed reduction set-up (TPR) 

equippedd with a TCD in a flowing H2/Ar mixture (v/v 2/1, SV = 2 x 10"2 m"3-s~1kg"1, Praxair, 

99,999%).. For reference, TPR patterns of pure La2(S04)3xH20 (Aldrich, 99.9%) were 

obtained. . 
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5.2.22 Microwav e set-u p 

Thee dielectric heating system used is a travelling wave once-through set-up, with 

microwavee radiation being absorbed by a water load after passing through the microwave 

cavity.. The system consists of a microwave source (2.45 GHz, 1 kW), a circulator, a three-

stubb tuner section, an applicator TE10, and a water load, (figure 5.1). 

gass inlet 

Microwavee source 

—— -

TJ J 

Generator r 

Stubb tuners 

Opticall fiber 

Powerr sensor 

Circulator r 

D: : 

B B 
Wavee guide 

Waterr load 

Microwavee chokes 

Gass analysis 

V V 
vent t 

Figuree 5.1: Schematic drawing of 2.45 GHz microwave heating system consisting of: microwave 

sourcee (Muegge, MW); generator (Muegge, MW-GIR 2M); circulator (Philips); stub tuners 

(Muegge);; power sensor (Rhode & Schwarz); optical fiber (Luxtron, Accufiber-OFT straight end 

lightpipe);; microwave chokes and water load. Dashed lines denote heated tubing. 

Thee reflection of the microwaves is minimised using the stub tuners. The wave-guide is 

formedd by a rectangular copper channel (7.21 cm width x 3.605 cm height). The 

microwavee source is protected from the reflected radiation by using a circulator. The 

temperaturee in the sample bed is assessed using an optical fibre (Luxtron). A quartz 

samplee tube (i.d. = 18 mm), designed to accommodate the optical fibre is placed 

perpendicularr to the direction of propagation, allowing the sample bed to be uniformly 

exposedd to microwave radiation. The optical fibre is calibrated using thermocouples. 3.35 

gg of Lan 8Cen.2Mn03 perovskite (10 cm3) was placed in the reactor and kept in place by a 

quartzz grid, subsequently heated to 423 K in a He flow (GHSV = 6-102 hr"1) with a heating 
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ratee of 5 K min"1, followed by stabilisation at 423 K for one hour. The bulk temperature of 

thee sample was monitored simultaneously with a thermocouple and an optical fibre. The 

lowerr detection limit of the optical fibre is 373 K. 

5.2.33 CH4 oxidatio n experiment s over La0.8Ce0.2MnO3 

Inn order to assess the catalytic activity, the oxidation of methane was used as a model 

reaction.. It was carried out over Lao.8Ceo.2Mn03 both by dielectric and conventional 

heatingg using a CH4 (Praxair, 99.995%)/02 (Praxair, 99.5%)/He (Praxair, 99.999%) gas 

mixturee (v/v/v 5/12.5/82.5, GHSV = 12-102 hr"1) at a temperature of 423 K - 723 K (figure 

5.2). . 

VV He J Oxygen ii sorbent Molsievee 3 A — MFC 

S> > Molsievee 3 A MFC C 

CH4 4 MFC C 

C C SO,/He e > > MFC C 

BB=rowavee oven or 

catalyst t 

Conventionall oven 

GC C ^^ vent 

MS S 

vent t 

Figuree 5.2: Inlet manifold for the catalysed CH4 oxidation experiment. The quadrupole mass 

spectrometerr (MS) and gas chromatograph are both computer controlled. The gas flow is 

controlledd by mass flow controllers (MFC). Dashed lines denote heated tubing. 

5.2.44 SO2 poisonin g experiment s of Lao.gCeo^MnO s 

Thee resistance to SO2 poisoning was investigated by addition of 200 ppm S 0 2 (Praxair, 

10077 ppm S 0 2 in He) to the gas feed either at 723 K or at room temperature during 

temperaturee programmed experiments. In both cases, the catalytic activity was assessed 

att 723 K. Gas composition analysis was performed using an Interscience GC equipped 
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withh four capillary columns (2 x Porabond Q, Molsieve plot and Alumina), two flame 

ionisationn detectors (FID) and two thermal conductivity detectors (TCD). 

5.33 RESULTS 

5.3.11 Catalyti c activit y of La0 8Ce0 2Mn0 3 in CH4 oxidatio n 

La0.8Ceo.2Mn033 activity data in CH4 oxidation are presented in figure 5.3a, showing the 

conversionn versus temperature for both conventional and dielectric heating. Surprisingly, 

thee CH4 conversion reached is substantially higher for dielectric heating. 

5.3.22 S02 deactivatio n of La0 8Ce0.2MnO3 in CH4 oxidatio n 

Thee influence of the presence of S02 on CH4 oxidation was tested using 200 ppm S02 in 

thee feed. Two types of experiments were carried out. In the first, the catalyst was brought 

too the reaction temperature and subsequently 200 ppm S02 was added to the feed 

stream.. When the catalyst was exposed for an extended time-on-stream (15 hours) at 723 

KK in the absence of SO2, followed by 15 hours at the same reaction temperature in the 

presencee of S02, no significant deactivation was observed for either of the heating modes 

(nott shown). 

Whenn S02 was added at 298 K, and the catalyst was subsequently subjected to a 

temperature-programmedd experiment, a loss in activity is observed, both in conventional 

andd dielectric heating experiments (figure 5.3b). After prolonged exposure, an irreversible 

deactivationn is observed for conventional heating to about half of the initial activity. For 

dielectricc heating, the activity drops only slightly to about 95% of its original level at 723 K 

(nott shown). 
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Figuree 5.3: CH4 conversion versus catalyst bed temperature for dielectric and conventional 

experimentss in the presence (a), and absence (b) of 200 ppm S02, GHSV = 12-102 hr"1, CH4/02/He 

== 5/12.5/82.5. 

Thee deactivation observed is accompanied by the formation of white and yellow coloured 

separatee phases. The yellow fraction was mainly observed for dielectric heating, whereas 

thee white fraction was mostly present after conventional heating. The poisoned perovskites 

weree analysed by XRD, FTIR, XPS and TEM. No significant differences between the fresh 

samplee and the poisoned samples are detectable by XRD (figure 4), suggesting that the 

SCVpoisonedd phase exists either in amorphous form or in particle sizes below the 

detectionn limit of XRD. FTIR spectra of the catalysts deactivated by S02 show bands 
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betweenn 1000 and 1300 cm"1 (figure 5.5). These bands can be assigned to bulk sulphates 

[27,28]. . 

20 0 30 0 

conventionall heating / S02 

dielectricc heating / S02 

fresh h 

40 0 50 0 
299 n 

60 0 70 0 80 0 

Figuree 5.4: XRD patterns of the fresh sample and S 0 2 (200 ppm) poisoned samples during 

dielectricc and conventional heating: perovskite (o); Ce0 2 (A). 

conventionall heating/SO 

18000 1700 1600 1500 1400 1300 1200 1100 1000 900 800 

Wavee number (cm1) 

Figuree 5.5: FT-IR spectra of fresh sample and S 0 2 (200 ppm) poisoned samples during dielectric 

andd conventional heating. 
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Thee surface composition of the fresh, as welt as the white and the yellow fractions from the 

deactivatedd catalysts were studied by XPS. The resulting binding energy values were 

correctedd using the C 1s peak at 285 eV. In table 5.2, the corresponding binding energies 

off La 3d, Mn 2p and S 2p for the fresh sample and the yellow and white fractions from the 

poisonedd samples are listed. 

Tablee 5.2: La 3d, Mn 2p and S 2p binding energies for the fresh perovskite, yellow and white 

fraction,, after S02-poisoning in dielectric and conventional heating. 

Sample e 

Fresh h 

Yelloww fraction 

Whitee fraction 

Laa 3d 

(eV) ) 

834.6 6 

838.5 5 

836.0 0 

839.2 2 

836.4 4 

839.6 6 

Mn2p p 

(eV) ) 

642.2 2 

645.1 1 

641.4 4 

644.9 9 

641.6 6 

644.7 7 

Ce4d d 

(eV) ) 

121.5 5 

125.1 1 

122.0 0 

125.5 5 

122.3 3 

125.7 7 

S2p p 

(eV) ) 

--

169.2 2 

169.5 5 

ls/l(Laa + Mn) 

--

1.5 5 

2.3 3 

Thee binding energy of S 2p was about 169.2 eV for both fractions, which can be attributed 

too sulphate [26,29]. No peak was found at a binding energy of 167.3 eV, corresponding to 

sulphite,, implying that only sulphates were formed [26,29]. The binding energy of La 3ds/2 

inn the fresh sample is 834.6 eV, and those of the yellow and white fraction are 836.0 eV 

andd 836.4 eV, respectively (figure 5.6a). This is an indication for the formation of La2(S04)3 

species,, which has a binding energy of 836.5 eV [26,29]. The binding energy of Mn 2p5/2 in 

thee yellow and white fraction, at 641.4 eV and 641.6 eV respectively, is lower than the one 

inn the fresh sample (642.2 eV), and similar to the binding energy of MnO. This suggests 

formationn of a separate MnO phase from the mixed oxide. The binding energy at 122.0 eV 

andd 125.7 eV (figure 5.6b) refers to the Ce 4d5/2 and Ce 4d3/2 components, respectively, 

withh the spin-orbit splitting of 3.5 eV [30]. These peaks are characteristic for Ce4+ with a Ce 

4d99 - O 2p6 - Ce 4f  final state [30], thus indicating a cerium oxide phase. In the white 

fraction,, however, the intensity seems to be much lower than in the fresh sample or the 

yelloww fraction. 
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Figuree 5.6: XPS La 3d (a) and Ce 4d (b) spectra for the fresh catalyst, and the yellow and white 

fractionss obtained after S02-poisoning 

TEMM images taken after the reaction (figure 5.7) show that sintering has occurred for the 

whitee and yellow fraction of the catalyst after CH4 oxidation (b and c). The white fraction 

showss massive sintering as compared to the fresh catalyst (a). In contrast, in the yellow 

fraction,, predominantly formed in the dielectrically heated sample, small particles are left 

onn the edge of the big cluster. 
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Figuree 5.7: TEM image of fresh La0 8Ce0.2Mn03 sample (a), the yellow fraction (b) the white fraction 

(c). . 

N22 adsorption measurements confirm that strong sintering has occurred during 

conventionall heating. Using BET surface area data and pore volume data the mean pore 

diameterr after S02 poisoning during dielectric heating is assessed to be about 6.5 nm, and 

forr conventional heating it is about 3.5 nm. This sintering may reduce the accessibility of 

thee active sites. 

Thee phases formed during deactivation were more closely investigated by TPR (figure 

5.8).. TPR data of the S02 poisoned catalyst during conventional heating show a similar 

profilee as pure La2(S04)3xH20. Reduction takes place in two steps with peaks at 862 K 

andd 966 K. In contrast, the catalyst deactivated in a dielectric field shows a broad 

reductionn band. 
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Figuree 5.8: TPR patterns of fresh and spent S02-poisoned samples after dielectric and 

conventionall heating, as well as of pure lanthanum sulphate. The temperature was raised with 5 

K-min"11 to 1073 K and maintained at 1073 K for 1 h (v/v 2 /1 , SV = 2 x 10 2 m"3-s"1-kg"1). 

Afterr a H 2 t reatment in the TGA, X R D patterns have been recorded for the f resh sample 

andd the poisoned ones both in the dielectric and convent ional oven (figure 5.9). The 

sampless have become grey/green after reduct ion at 1073 K, suggest ing the format ion of 

neww phases. 
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Figuree 5.9: XRD patterns after H2 reduction of the fresh catalyst, S02 poisoned during dielectric 

andd conventional heating: La203 (A); MnO ; Ce203 (A); La202S ; Ce2S3 . 

Thee XRD pattern reveals the disappearance of the perovskite phase, with concurrent 

formationn of individual La203, MnO and Ce203 for the fresh sample. The XRD data 

obtainedd from both deactivated catalysts shows a strong characteristic peak of lanthanide 

oxidee sulphide (La202S), formed by reduction of lanthanum sulphate. No evidence was 

foundd for the formation of MnS04 in the presence of S02. A small amount of Ce2S3 was 

observedd after the reduction treatment for the poisoned sample only when conventional 

heatingg was used. 

5.44 DISCUSSION 

5.4.11 Catalyti c performanc e in conventiona l and dielectri c heatin g 

Thee catalytic activity in CH4 full oxidation is considerably higher during dielectric heating 

thann during conventional heating. It has been postulated that dielectric heating may result 

inn selective heating of catalytic sites with respect to their direct surroundings, thus leading 

too "molecular hot spots" [31]. When a material contains strongly absorbing active sites 

suchh as dipoles, microwave energy will be absorbed selectively by active sites and these 

so-calledd "hot spots" will be generated. The A- and B-sites of perovskite-type oxides have 
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beenn shown to have different dipole strengths [32]. Therefore, "hot spot" formation is 

possiblee for perovskites during dielectric heating. Reactant molecules adsorbed on such a 

"hott active site" may be activated by subsequent energy transfer from the site to the 

adsorbedd molecule. The difference between local temperature of the "hot spots" and the 

bulkk mean temperature can be up to several hundred of degrees [33]. Generation of hot 

spotss is of great importance in heterogeneous catalysis because reactions on active sites 

mayy take place at much higher temperatures than at the measured bulk temperature of the 

catalyst.. Therefore, the reaction rate can be much higher than under conventional heating. 

Ann additional conventional explanation for the observed high reaction rate may simply be 

thatt due to the bulk heating nature of dielectric heating, the intraparticle temperature may 

bee substantially higher than the surface temperature during dielectric heating, for similar 

surfacee temperatures. 

5.4.22 Deactivatio n by S02 

AA loss in catalytic activity in the presence of S02 is observed for both heating modes at low 

temperatures.. This may be due to the competitive adsorption between gas phase oxygen 

andd SO2 followed by sulphate formation, since methane oxidation at low temperature is a 

suprafaciall reaction involving oxygen coming from gas phase or sitting at the oxygen 

vacanciess of the catalysts [34]. The superior catalytic performance for dielectric heating in 

thee presence of S02 introduced in the gas feed at 298 K is in line with the results from 

Turnerr et al. [35] for a commercial Pt-Rh based three-way automotive catalyst. These 

authorss observed an improved performance in S02-containing exhaust gases for 

combinedd dielectric/conventional heating, as compared to conventional heating only. This 

resultt was attributed to selective absorption of microwave radiation by sulphides and 

sulphates,, with subsequent decomposition into S02. 

Ourr results indicate that neither for dielectric heating nor conventional heating a significant 

losss in catalytic activity occurs when S02 is added at 723 K. Alifanti et al. [36] observed 

thatt Lao.9Ce0.iCo03, Lao.aCeo^CoOs and Lao.8Ceo2Mn03 compositions are least sensitive 

too SO2 poisoning from the series of Lai-xCexMni.yCoy03 perovskites (x = 0, 0.1, 0.2, 0.3 

andd y = 0.5, 0.6, 0.7) at 823 K. Following a 15 hour period exposure at 823 K to 20 ppm 

S022 added to the feed, the activity in methane oxidation was shown to remain at a stable 

levell in excess of 80 % of the original value. Our deactivation data - indicating that 

deactivationn is limited when SO2 is added at high temperature - strongly suggest that this 
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iss the result of weak adsorption of S02 at these temperatures, which additionally arises 

fromm the competitive adsorption of H20 produced in the oxidation reaction (not shown). 

Afterr prolonged exposure of the catalysts to SO2 at 298 K, and the subsequent 

temperaturee programmed reaction, formation of bulk sulphates was observed by FTIR 

measurements.. The surface electron structure recorded by XPS of the white and yellow 

fractionss obtained after SO2 poisoning shows that Lao.sCeo 2Mn03 is deactivated 

predominantlyy by irreversible formation of lanthanum sulphate. This is confirmed by the 

XRDD patterns of the reduced poisoned samples, which indicate a strong characteristic 

peakk of Lanthanide oxide sulphide formed during the reduction of the sulphate. Formation 

off MnO is observed by XPS and XRD, while no evidence is found for the formation of Mn 

sulphates.. Finally, XPS data show a decrease in the Ce 4d peak intensity for the white 

fraction,, indicating that the original Ce oxidic structure has been destroyed, most likely due 

too the formation of Cerium sulphate. This is also confirmed by XRD data after reduction: a 

characteristicc peak of Ce2S3 is observed for the reduced poisoned sample when 

conventionall heating is used. 

Sincee the poisoned sample using dielectric heating mainly contains the yellow fraction, 

poisoningg in the microwave mainly affects the La cation by formation of La2(S04)3. For 

conventionall heating, SO2 poisoning affects both La and Ce cations by formation of 

sulphates,, as indicated by the predominant presence of the white fraction. The lS/l(La + Mn) 

ratio,, as determined by XPS (table 5.2), shows that the white fraction contains 50 % more 

sulphatee species than the yellow fraction. The formation of cerium sulphates can be 

consideredd indicative of the destruction of the anion vacancies, which are responsible for 

thee catalytic activity. 

5.4.33 S02 poisonin g mechanis m over Lao.sCeo 2Mn03 

Duringg both dielectric and conventional heating, the presence of S02 leads to an 

irreversiblee formation of lanthanum sulphate and thus to deactivation of the catalyst. It is 

knownn that the concentration of sulphates increases with rising reaction temperature, as 

thee formation of sulphates is controlled by the reaction kinetics [29]. During conventional 

heatingg (based on thermal conduction), the exterior of the particles is highest in 

temperaturee and the formation rate of formed lanthanum sulphates is thus highest in this 

region.. Therefore, deactivation predominantly takes place at the exterior of the particles 

throughh a shell progressive mechanism (figure 5.10a). The formation of sulphates is 
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accompaniedd by pore blockage, as indicated by TEM and BET data. This deactivation 

processs thus results in limitation of the access to the catalytic surface. 

a a 

II | < — deactivated shell 

Homogeneouss Intermediate shell progressive 

b b 

«deactivatedd core 

Homogeneouss Intermediate Growing core 

Figuree 5.10: S02 poisoning mechanism over La08Ceo2Mn03 perovskite during conventional 

heatingg (a) and dielectric heating (b). 

Inn contrast, the interior of the catalytic particle is highest in the temperature during 

dielectricc heating, based on its bulk heating nature, by creating an effectively inverse 

temperaturee gradient throughout the catalytic particle. For this reason, deactivation by 

formationn of sulphates occurs predominantly in the interior of the catalytic particles as a 

resultt of the high temperature in the interior of the particles. Thus, deactivation during 

dielectricc heating proceeds through a growing core mechanism, as shown in figure 5.10b. 

Moreover,, the temperature gradient persists for both heating modes, even in steady state, 

duee to the exothermic nature of the reaction. Whereas the activity is thus lost by 

lanthanumm sulphate formation, the impact of pore blockage is only limited. The exterior of 

particless is still accessible to reactants and deactivation is slower than during conventional 

heating.. This seems to be confirmed by TPR data: the broad reduction peak found over a 

:£> > 

^ = > > ^> > 
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temperaturee range of 200 K for dielectrically heated sample is likely to be the result of 

(slow)) diffusion of H2 into the centre of the catalyst particle, which subsequently reduces 

thee formed sulphate. 

5.55 CONCLUSION 

Thee high catalytic activity towards CHU oxidation over Lao.8Ceo.2MnC>3 perovskites 

observedd during dielectric heating, as compared to conventional heating, can be explained 

byy the higher particle centre temperature, which in turn is the result of the bulk heating 

naturee of dielectric heating. Deactivation of these perovskites by SO2 is comparatively slow 

att high temperatures, as a result of weak adsorption of S02. Irreversible loss in activity 

occurss after prolonged exposure of the catalyst to SO2 due to the formation of Lanthanum 

sulphate.. Cerium sulphate is formed predominantly during conventional heating, which 

contributess to deactivation by elimination of anion vacancies that are responsible for the 

catalyticc activity. Deactivation is faster for conventional heating than for dielectric heating. 

Thiss is to be attributed to the concerted effort of lanthanum sulphate formation and the 

resultingg pore blockage, which limits the accessibility towards the reactants. As during 

conventionall heating pore blockage occurs mainly at the outer core, the result is a fast, 

shelll progressive deactivation. In contrast, when sulphate formation mainly occurs in the 

particlee interior (through a growing core mechanism), as is the case during dielectric 

heating,, deactivation is less fast. 
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Chapte rr  6 

Microwave-assiste dd in-sit u regeneratio n of a perovskit e coate d 

Diesell  soo t filter * 

ABSTRACT T 

Dielectricc heating may be used as an in-situ technique for the periodic regeneration of soot 

filters,, as those used in Diesel engines. As generally the Diesel exhaust temperatures are 

beloww the soot light-off temperature, passive regeneration is not possible. Presently we 

havee investigated the dielectric heating of a monolithic soot filter, coated with a 

Lao.8Ceo.2Mn033 perovskite. This type of perovskite has suitable dielectric properties, i.e. a 

highh dielectric loss factor, and simultaneously acts as an oxidation catalyst. It is shown that 

aa perovskite coated cordierite filter, covered with synthetic carbon, can be fully 

regeneratedd with selectivity towards C02 close to 100 %. In contrast, the same filter 

withoutt such a coating can only be partially regenerated. Moreover, considerable amounts 

off CO are formed. The Lao.8Ceo.2Mn03 coating is shown to have excellent temperature 

shockk resistance and thermo-chemical stability. It is shown that the microwave cavity 

designn is crucial to obtain a uniform filter heating. Following the development of such a 

design,, microwave assisted soot filter regeneration becomes feasible. 

"" This work has been submitted for publication in Chemical Engineering Science: Y. Zhang-Steenwinkel, L.M. 

vann derZande, H.L Castricum, A. Bliek, RW. van den Brink and G.D. Elzinga. 
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6.11 INTRODUCTION 

Diesell engines are widely used in many on- and off-road applications as they combine a 

highh fuel economy, a high durability and low maintenance costs. The disadvantage of 

Diesell engines is that they generate pollutants, hazardous to human health. Particularly 

thee emission of particulates such as soot is dangerous due to their potential mutagenic 

andd carcinogenic activity [1,2]. For this reason, a drastic emission abatement policy for 

Diesell emissions is currently being implemented by the United States, Japan and Europe 

inn the coming 5 years [1,3,4]. 

Diesell particulate matter consists mainly of highly agglomerated solid carbonaceous 

materiall and ash, in addition to volatile organic and sulphur components [5,6]. Soot 

formationn and morphology have been extensively investigated [6-9]. Based on these 

studies,, different exhaust control strategies have been proposed over the past decades to 

reducee particulate emissions, i.e. passively regenerated filters using homogenous fuel 

additivess or catalytically active filters [10,11]. A major problem is the fact that Diesel 

exhaustt temperatures are generally low as compared to soot light-off temperatures. 

Hence,, additional filter or exhaust gas preheating is normally required. Alternatively, 

dielectricc heating may be applied [12]. The advantage is that dielectric heating is a bulk 

heatingg technique and therefore it is fast and selective. Microwave heating has been 

appliedd in many organic chemical reactions, and surprisingly high reaction rates have 

beenn reported [12-14]. Also, dielectric heating has been applied to reduce HC, CO and 

NOxx emissions during cold-start [15]. These authors showed that Pd-Ce based catalysts 

cann be heated rapidly and uniformly by using microwave-absorbing ceramic foams 

containingg Fe304) Ti02, NiO and SiC. Gao et al. [16] demonstrated that for microwave-

assistedd Diesel ceramic soot filters a regeneration efficiency close to 80 % can be 

reached.. Nixdorf and co-workers [17] reported similar efficiencies for filter cartridges made 

off silicon carbide fibres. However, a general remaining problem to be resolved is the CO 

formationn during regeneration. Gao et al. and Nixdorf et al. [16,17] for example observed a 

dramaticc increase in the CO emission during regeneration. 

Thee objective of the present work is to assess the feasibility of microwave assisted soot 

filterr regeneration for filters coated with a material that is both catalytically active, and has 

suitablee dielectric properties. Perovskites are examples of such materials [18-22]. 

Syntheticc carbon was used as model soot, since soot contains approximately 70 % of 
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carbon.. The soot filter regeneration is studied using synthetic carbon deposited on both an 

uncoatedd filter, and a filter coated with a Lao.8Ce0.2Mn03 perovskite. Aspects covered 

includedd the regeneration efficiency, CO formation, the temperature uniformity and the 

thermall shock resistance and thermo-chemical stability. Estimates were obtained for the 

convectivee heat loss to be expected in case of realistic gas-hourly space velocities in the 

filter.. In this way the basic parameters for assessing the feasibility of microwave 

regenerationn of a perovskite coated soot filter were obtained. 

6.22 EXPERIMENTAL 

6.2.11 Sampl e preparatio n 

AA perovskite-type oxide, Lao.8Ce0.2Mn03 (99.9%), as manufactured by Praxair Specialty 

Ceramics,, prepared by combustion spray pyrolysis, was used as a coating material. The 

monolithicc filter used consists of a cordierite flow-through substrate (Coming Inc.) (length = 

400 mm, diameter = 15 mm, cell density = 400 cpsi). A filter coated with 14 wt% perovskite 

(MP1)) has been prepared by dip coating with an aqueous suspension of 50 wt% 

perovskite,, followed by calcination at 1123 K and a heating rate of 2 K-min"1. For this filter, 

thee heating and cooling rates and heat loss characteristics have been studied with respect 

too exposure to a dielectric field, along with the temperature distribution throughout the 

monolith. . 

Thee resistance towards thermal shock was tested for two monolithic filters. MP2 was first 

moistenedd with doubly distilled water, followed by dip coating with a perovskite suspension 

(600 wt%), dried, and calcined by heating with 2 K-min"1 to 1123 K. MP3 was prepared by 

thee same procedure except being moistened before dip coating by water. 

Finally,, soot filter regeneration is mimicked using synthetic carbon. In order to obtain a 

homogeneouss temperature distribution, rectangular monoliths (length 40mm, width 14mm 

andd thickness 5 mm) were used as substrates (Coming Inc.). These were placed in a 

speciallyy designed rectangular quartz reactor. Two filters were prepared according to the 

proceduree described above; one coated both with perovskite and synthetic carbon (Merck, 

988 % carbon) (MPC) and another one with synthetic carbon (Merck, 98 % carbon) only 

(MC).. For all monoliths, the obtained compositions are given in table 6.1. 
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Tablee 6.1: Designation of cordierite monolithic filters. Loadings are given as a function of the total 

weight. . 

Monolith h 

MP1 1 

MP2 2 

MP3 3 

MPC C 

MC C 

Perovskitee Loading 

(wt%) ) 

14.0 0 

5.40 0 

34.6 6 

36.4 4 

--

Carbonn Loading (wt%) 

--

--

--

2.1 1 

6.2 2 

6.2.22 Microwav e heatin g syste m 

Thee experiments were performed with a set-up consisting of an inlet manifold connected to 

aa reactor specially designed for exposure to microwave radiation, see figure 6.1. 

>> vent 

Figuree 6.1: Scheme of a 2.45 GHz microwave set-up: (a) water trap, (b) oxygen trap, (c) mass flow 

controller,, (d) microwave source (Muegge), (e) generator (Muegge), (f) circulator (Philips), (g) stub 

tunerss (Muegge), (h) power sensor (Rhode & Schwarz), (i) optical fibre (Luxtron, accufiber), (j) 

quartzz tubular reactor, (k) water load, (I) Quadrupole mass spectrometer (Balzers, Prisma QMS 

2000). . 
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Thee inlet manifold consists of two mass flow controllers, allowing reactant compositions to 

bee changed. The reactant and product concentrations in the effluent are measured by a 

masss spectrometer. The microwave system comprises a travelling wave once-through set-

upp with a microwave source with a continuously variable power supply (1 kW) operating at 

2.455 GHz. This system consists of a circulator, a three-stub tuner section, an applicator 

TE-io,, and a water dummy load. The stub tuners serve to minimise the reflected microwave 

radiation.. The microwave source is protected from the reflected radiation by means of a 

circulator.. A quartz sample tube (i.d. = 18 mm), is placed perpendicular to the direction of 

propagation.. The bed temperature is assessed by means of an optical fibre with a lower 

detectionn limit of 373 K. The optical fibre was calibrated in a conventional furnace against 

aa thermocouple over the range 293 - 923 K. 

6.2.33 Therma l stabilit y and temperatur e distributio n 

Thee thermal stability of the coating towards dielectric heating is studied for MP1 (see table 

1)) by rapid and repeated heating at an incident microwave power supply of 200 W in a 

heliumm flow. In addition the thermal stability of perovskite coating was assessed in a 

speciallyy developed thermal shock test system (figure 6.2). Two filter elements MP2 and 

MP33 were tested by exposing them to 600 subsequent temperature cycles between 393 K 

andd 853 K. The surface morphology of the tested filters was studied using Scanning 

Electronn Microscopy (Jeol, JSM-6330F). 

Thee temperature distribution in MP1 has been investigated by measuring the temperature 

att difference positions in the filter as pointed out in figure 6.3. The average surface 

temperaturee of the monolithic filter was measured at those positions at an incident power 

off 100 W, 200 W and 300 W respectively. 
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>853K K 

3933 K 

Figuree 6.2: Principal of the set-up for assessing thermal shock resistance. Temperature cycle: 353 

KK - 853 K, time period of 2.20 min. 

n r x T T T i i 
Directionn of propagation 

A A 

// 2 

Figuree 6.3: Location of temperature registration to determine the temperature distribution for MP1: 

pointss 1, 2, and 3 indicate the locations of temperature measuring points. 
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6.2.44 Filte r regeneratio n procedur e 

Temperature-programmedd oxidation of the synthetic carbon deposited on the monolithic 

filterss with and without Lao.8Ce0.2Mn03 perovskite coatings (MPC and MC, respectively) 

wass carried out in a single-mode cavity as described above, using a O2 (Praxair, 

99.5%)/Hee (Praxair, 99.999%) gas mixture (v/v 5/95, GHSV = 10700 hr-1). In each test, the 

temperaturee was raised from 293 K to 1023 K at maximum heating rate (295 K-min"1) and 

maintainedd at the target temperature for one hour. 

6.33 RESULTS AND DISCUSSION 

6.3.11 Dielectri c heatin g propertie s 

AA La0.8Ceo.2Mn03 perovskite coated monolithic filter (MP1) was repeatedly heated at an 

incidentt power of 200 W and cooled down in a helium flow. In figure 6.4, it is shown that 

heatingg proceeds in a repeatable way to a constant temperature (834 K). Even after a 

largee number of heating and cooling cycles, the heating behaviour remains unchanged, 

indicatingg an excellent thermal and chemical stability of the coating during repeated 

dielectricc heating cycles. 
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Figuree 6.4: Three subsequent dielectric heating cycles in He (GHSV = 1000 hr"1) at 200 W for a 

La08Ce02MnO33 perovskite coated monolithic filter (MP1); (0): temperature; (7): incident power 

supply. . 
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Sincee the ceramic cordierite monolithic substrate can be considered transparent to the 

dielectricc field due to its low dielectric constant and loss factor (see table 6.2), it can be 

assumedd that microwave energy is selectively absorbed by the perovskite coating only. In 

figuree 6.5, it can be observed that the absorbed microwave power increases more or less 

linearlyy with the observed temperature, which indicates an increase of the dielectric loss at 

highh temperatures. 

Tablee 6.2: The dielectric constant (e') and loss factor (e") of cordierite and La08Ce02MnO3 

perovskite. . 

Cordierite e 

Lao.8Ce0.2Mn03 3 

Dielectricc constant 

(«') ) 

2.9 9 

21.0 0 

Dielectricc loss factor 

(s") ) 

0.14 4 

3.6 6 

Ref. . 

[23] ] 
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Figuree 6.5: The ratio adsorbed-to-incident power versus the observed temperature at an incident 

powerr of 200 W for La0.8Ceo 2Mn03 perovskite coated monolithic filter (MP1), GHSV = 1000 hr"1, in 

helium. . 

Whereass a homogeneous temperature distribution throughout the filter is desired, large 

differencess across the filter exist in reality for a travelling wave microwave system. The 
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microwavee field is directed towards the catalytic bed through a waveguide, where the 

electricc field is no longer a uniform plane wave. The wave propagating through the 

waveguidee in the x direction is the sum of two plane waves and has a sinusoidal form 

acrosss the width, or y direction, of the waveguide (figure 6.6) [24]. 

Figuree 6.6: A waveguide operating in the TE10 mode with an electric field propagating in the x 

direction. . 

Inn order to obtain an estimation of temperature variations over the filter, the temperature 

duringg dielectric heating was measured at three positions in filter MP1 (figure 6.3). It could 

bee observed that the temperature is highest in the centre of the filter, while the lowest 

temperaturee was found at the centre of the outer layer of the filter, where the lowest 

amplitudee of the electric field exists (figure 6.7). The temperature difference is about 100 K 

att these supplied incidence powers, pointing out that the temperature is strongly non-

uniformm when a single mode cavity is used. 

Inn order to reduce the temperature gradient across the filter, and thus ensure that the 

averagee surface temperature of the filter is high enough for carbon burn-off under the 

existingg test conditions, rectangularly shaped filters (MPC and MC) have been used for 

filterr regeneration at an operating temperature of 1023 K. 
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Figuree 6.7: The observed temperature as a function of the incident power supply at three positions 

inn the monolithic filter (MP1), as indicated in figure 6.3. 

6.3.22 Therma l shoc k resistanc e 

Forr practical applications, the thermal stability of the coating is of great importance. As the 

coatingg is periodically exposed to rapid heating and cooling, no erosion or blocking of the 

monolithh channels should occur, even after thousands of cycles. Hence, the thermal 

stabilityy of the coating was tested by repeated thermal shock experiments carried out by 

meanss of a specially developed set-up (figure 6.2). The surface morphology of the coating 

materiall was studied using SEM for monolithic filters MP2 and MP3. No significant loss in 

weightt after the test could be observed. Also the surface structure after the test remained 

identical,, as shown in figure 6.8. The big clusters in figure 8a belong to the cordierite 

substrate.. Due to its low perovskite loading (5.4 wt%), the coating does not completely 

coverr the surface of the substrate for MP2. Some cracks were observed on the surface of 

filterr MP3 (figure 6.8b). These were also present immediately after calcination, indicating 

thatt they originate from the drying and calcination procedure. As this coating is rather thick 

att the position of the crack, i.e. at the corner of the filter channel, it can well be attributed to 

shrinkagee of the coating during drying. Surprisingly, the coating with a high loading shows 

aa finer surface structure. Possibly, the thin coating dries homogeneously, while for a 

thickerr coating net migration of small particles to the surface may occur, leading to further 

levellingg of the layer thickness. For neither of the filters, additional abrasion occurs during 
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thee thermal shock experiment, indicating that the thermal stability of the coating is 

adequatee for the present purpose. 

Figuree 6.8: SEM images of monolithic filter MP2 before (a) and after (b) the thermal shock test. 

Dittoo before (c) and after (d) for MP3. 

6.3.33 Filte r regeneratio n 

Temperature-programmedd oxidation of synthetic carbon was carried out for filters MPC 

andd MC, respectively. When the ceramic filter coated with carbon only (MC) is subjected to 

temperature-programmedd dielectric heating, the onset of the formation of CO and CO2 can 

bee observed at 700 K. This is accompanied by a drop in the 02 concentration (figure 6.9). 
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Figuree 6.9: Temperature-programmed filter regeneration during microwave heating over an 

uncoatedd filter (MC); feed gas: 02/He (v/v 5/95, GHSV = 10700 hr"1); d77df = 295 K/min; dXJdt 

andd dXC02/df are formation rates of CO and C02, respectively. Temperatures below 373 K are out 

off the low detection limit of the optical fibre. 

Afterr reaching a maximum temperature, the temperature continuously drops. Three stages 

cann be distinguished: (1) initially dielectric heating results in a continuous temperature rise 

ass result of microwave absorption by carbon, (2) a rapid temperature increase due to the 

exothermicityy of carbon oxidation and (3) a final stage where temperatures drop, even for 

thee maximum power input, due to the loss of the microwave absorbing medium and the 

reducedd heat released by oxidation. Such stages were also observed by Ma et al. [23] for 

microwave-heatedd combustion of carbonaceous materials. The heating efficiency, and 
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thuss the maximum attainable temperature, depends directly on the amount of carbon that 

iss present on the filter. When the microwave power used is insufficient to reach carbon 

light-offf temperatures, the carbon conversion remains incomplete [25]. For the MC filter, 

carbonn is partially converted into CO, rather than C 0 2 and the overall carbon conversion is 

limitedd to about 65 wt%. 

Forr the filter coated with both perovskite and carbon (MPC) turning on the dielectric field 

leadss to a rapid temperature rise, even for an incident power below 250 W. 

10 0 

•D D 

x x 

22 -

66 -

mi-mmssem mi-mmssem 

i o oo M 

«trmmt^wf/HNtitmMMrMitu^Hmmirmt «trmmt^wf/HNtitmMMrMitu^Hmmirmt 

300 0 

2000 5 

0 0 

1093 3 

8933 g 

TO TO 
6933 S 

Q. . 
E E 
a> > 
h --

493 3 

293 3 

200 0 4000 600 

Timee (s) 

800 0 1000 0 

Figuree 6.10: Temperature-programmed filter regeneration during microwave heating over a 

monolithicc filter coated with perovskite (MPC); feed gas: 02/He (v/v 5/95, GHSV = 10700 hr"1); 

dT/dff = 295 K/min; dXJdt and dXC02/df are formation rates of CO and C02, respectively. 

Temperaturess below 373 K are out of the low detection limit of the optical fibre. 
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Underr these conditions, the carbon light-off temperature is reached within 2 minutes. C02 

formationn starts at about 700 K (figure 6.10), reaches a maximum and subsequently drops 

ass a result of the continuously decreasing carbon loading. Only a negligible amount of CO 

cann be detected in the outlet, providing evidence that the perovskite coating is effective in 

convertingg any primary CO to C02. In contrast to what was observed for the uncoated 

filter,, thanks to the presence of the perovskite coating the temperature of the filter can be 

maintainedd on a constant, high level, allowing regeneration efficiency close to 100 %. 

6.3.44 Heatin g characteristic s at hig h space velocitie s 

Itt is important to establish whether the soot light-off temperature can be reached under 

conditionss where space velocities are used in the order of 50,000 hr"1. Such a value is well 

beyondd the capabilities of the experimental set-up used by us. Experiments with a varying 

spacee velocity in the range of 1000 - 8000 hr"1 were carried out using helium. Within this 

spacee velocity range the final temperature reached at an incident power of 300 W is 

linearlyy correlated with the gas-hourly space velocity (figure 6.11). 
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Figuree 6.11: The observed temperature of monolithic filter MP1 versus gas hours space velocity 

duringg 600 s of dielectric heating at an incident power of 300 W, GHSV = 1000 hr"1 too 8000 hr"1. -

Linearr regression line. 
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Extrapolationn to a space velocity of 50,000 hr"1, results in an estimated the surface 

temperaturee of -700 K with an error less than 10 %. Since the thermal conductivity of air is 

muchh lower than that of helium, it can be expected that the surface temperature of the filter 

willl be higher for air. Carbon burn-off temperatures range from 673 K - 723 K [17]. 

Therefore,, up to space velocities of 50,000 hr"1, self-sustained carbon burn-off can be 

maintained. . 

6.44 CONCLUSION 

Soott filters may in principle be regenerated in a dielectric field, by making use of the 

microwavee absorbing properties of soot. However, carbon light-off temperatures can only 

maintainedd for a short period, as in this case the carbon itself is the only high-loss 

dielectricc material present. Also substantial amounts of undesired CO are formed. As is 

presentlyy shown, this way of regeneration can be improved substantially by using a filter 

coatingg that pairs suitable dielectric with catalytic properties. An example of such a coating 

materiall is a Lao.8Ceo.2Mn03 perovskite. Using this filter coating the oxidative regeneration 

off a filter loaded with synthetic carbon proceeds to completion, is fast and demonstrates a 

highh selectivity towards CO2. The Lao8Ceo2MnC>3 coating exhibits excellent thermal 

stabilityy as demonstrated by thermal shock tests. An analysis of the convective heat losses 

accordingg to our estimates showed that, for cold inlet gases, the soot light-off temperature 

off 700 K can be reached for space velocities up to 50,000 hr"1. 

Thee non-homogeneous electric field distribution in the monomode cavity, this cavity gives 

risee to substantial temperature gradients in the filter. Cavity modifications - to obtain a 

moree uniform temperature distribution - are currently underway. 
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Summar y y 

Exhaustss of vehicles have attracted increasing attention in last three decades. Some 

componentss emitted from vehicle engines, i.e. CO, HC, NOx and soot, have been proved 

too be hazardous to human health. Although exhausts of gasoline engines, i.e. CO, HC and 

NOx,, have been successfully cleaned up by three-way catalysts, such catalytic device is 

seenn to be unreliable for reduction of soot emissions produced by Diesel engines, since a 

minimumm exhaust temperature of approximately 673 K to 723 K is necessary to initiate and 

sustainn soot burn-off. Due to too low exhaust temperature, it is required either to raise the 

off-gass temperature, or to heat the entire filter element to soot light-off temperatures. An 

alternativee is the use of microwave energy - as dielectric heating is a bulk technique, it is 

fasterr than heating based on conduction. 

Thee primary goal of the research presented in this thesis is to assess the feasibility of 

usingg a microwave sensitive, catalytic material as a filter coating. By periodically subjecting 

itt to a dielectric field, the coating is allowed to reach soot ignition temperatures, resulting in 

self-sustainedd carbon burn-off. Perovskite-type oxides have been chosen as the coatings, 

sincee these oxides show a high catalytic activity and high resistance to deactivation by 

hydrothermall sintering, and have favourable dielectric properties. Moreover, as compared 

too noble metals, they are much cheaper. This thesis is focused on one type of perovskites, 

Lai-xCexlv1n03.. They have been intensively investigated with respect to physical properties, 

catalyticc properties and dielectric behaviour. 

Inn Chapte r 1, an overview is given with respect to the environmental impact of diesel 

soot,, soot emission standards, and the currently known techniques for reduction of soot 

emittedd from Diesel engines along with their limitations. The principle of the proposed 

microwave-assistedd soot filter regeneration is explained in detail. A concise description of 

dielectricc heating and existing dielectric susceptors, including perovskites, is given. The 

physicall properties with respect to crystalline structure and non-stoichiometry, as well as 

catalyticc properties in oxidation reactions, reduction of NOx, and S02 poisoning and 

regenerationn aspects are discussed in detail. The dielectric properties of perovskites 
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relatedd to the temperature, phase transition, tolerance factor, ionic size and substitution 

aree briefly summarised. 

Studyy of surface properties and catalytic performance is important for better 

understandingg of perovskites as active catalysts. Chapte r 2 focuses on characterisation of 

La-Ce-Mnn perovskites using XRD, XPS, TEM, TPR and TPO, and on catalytic activity of 

thesee perovskites in CO oxidation. A single perovskite crystalline structure is formed for a 

loww degree of Ce substitution (x up to 0.1). Beyond x = 0.2, a separate Ce02 phase is 

formed.. Substitution of La by Ce results in enhanced catalytic activity in CO oxidation, the 

highestt activity being exhibited by Lao.8Ceo.2Mn03. XPS data show that the Ce substitution 

iss accompanied by an increasing concentration of cation/anion vacancies in the perovskite 

lattice,, which leads to a shift in the Mn4+/Mn3+ ratio. The number of those vacancies is 

directlyy related to the catalytic performance by facilitating CO adsorption. However, the 

formationn of a significant amount of catalytically inert Ce02 leads to a drop in the catalytic 

activityy for x beyond 0.2. 

Thee mechanism of CO oxidation over LaosCeo2Mn03 perovskite has been 

investigatedd using step-response analysis (transient). In this way, information can be 

obtainedd on the elementary steps of a reaction, since the time-resolved observations allow 

quantitativee assessment of the accumulation of species on the surface. In chapte r 3, 

mechanisticc details of CO oxidation over this perovskite are revealed by performing 

isothermall reduction and oxidation of the catalyst through switching the gas mixture from 

Hee to either CO or labelled and unlabelled O2. Full reversibility of the oxygen uptake is 

observedd at a temperature of 473 K and higher. It is concluded that oxygen from the 

perovskitee lattice is involved in reduction and oxidation reactions. Stable species, most 

likelyy bidentate carbonates, are retained on the reduced oxide surface. Oxygen can 

adsorbb dissociatively on a partially reduced surface, giving rise to a low activation energy. 

Twoo reaction mechanisms are involved in CO oxidation: ER (Eley-Rideal) and LH 

(Langmuir-Hinshelwood)) mechanisms. Similar to reduction and oxidation, the formation of 

CO22 by CO oxidation proceeds through an intermediate carbonate species that 

subsequentlyy decomposes. 

Ass an addition to the intensive study of the physical and catalytic aspects related to 

catalyticc performance in oxidation reactions, the dielectric properties of these Ce 

substitutedd La-Mn based perovskites as microwave susceptors have been investigated 

andd reported in chapte r 4. While some sintering occurs during dielectric heating in He, no 
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significantt bulk changes are observed, indicating that these perovskites are highly 

thermallyy stable. Dielectric permittivities in the microwave and radio frequency regions for 

thee pressed perovskite pellets are measured by the open-ended coaxial line dielectric 

probee method at room temperature, while the values for the solid materials have been 

calculatedd from generalized Looyenga equation. High values of dielectric permittivities are 

foundd at low frequencies, related to ionic conduction, while at microwave frequencies, 

storagee and loss proceed through dipolar reorientation. A relatively low dielectric constant 

andd low loss are found for x = 0.05, indicating a small contribution of ionic conduction, as 

thee result of annihilation of ionic defects by Ce doping. An increase of the dielectric 

constantt (s') and dielectric loss (e") is found with increasing amounts of Ce up to x = 0.2, 

ass a result of the formation of a larger number of cation/oxygen vacancies. For x = 0.3, a 

declinee in both dielectric constant and loss is observed, which can be ascribed to the 

formationn of large amounts of Ce02, which has low dielectric permittivity. 

AA study of the catalytic activity and resistance towards S02 poisoning over 

Lao.8Ce0.2Mn033 during dielectric heating, using CH4 oxidation as model reaction, has been 

reportedd in chapte r 5. As a comparison, the same reaction is carried out during 

conventionall heating. High catalytic activity towards CH4 oxidation over this perovskite is 

observedd during dielectric heating, as compared to heating conventionally. This has been 

explainedd by the existence of local hot spots on the catalytic surface. Deactivation of this 

perovskitee by S02 is comparatively slow at high temperatures as a consequence of the 

weakk adsorption of SO2. However, irreversible loss in activity occurs after prolonged 

exposuree to S02, which is attributed to the formation of Lanthanum sulphate. Cerium 

sulphatee is formed predominantly during conventional heating, which contributes to the 

deactivationn by elimination of anion vacancies that are responsible for the catalytic activity. 

Deactivationn is faster for the reaction carried out by heating conventionally, due to the 

concertedd effort of sulphate formation and the resulting pore blockage, which limits the 

accessibilityy towards the reactants. As pore blockage occurs mainly at the exterior of the 

particless during conventional heating, the result is a fast shell progressive deactivation. On 

thee contrary, sulphate formation mainly occurs in the particle interior in the case of 

dielectricc heating through a growing core mechanism. This leads to less fast deactivation. 

Sincee Lao.8Ce0.2Mn03 perovskites have been proved to possess suitable catalytic 

andd dielectric properties, this catalyst has been used as a coating material to assess the 

feasibilityy of microwave-assisted soot filter regeneration. Chapte r 6 is devoted to soot filter 
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regenerationn using synthetic carbon deposited on both a filter coated with a 

Lao8Ce0.2Mn033 perovskite, and an uncoated filter. An uncoated soot filter may be 

regeneratedd in a dielectric field, since soot itself is a microwave sensitive material. 

However,, the carbon light-off temperature can only be maintained for a short period as, 

duee to the oxidation of carbon, not sufficient dielectric material remains to hold the 

requiredd temperature. Moreover, substantial amounts of undesired CO are formed. In this 

chapter,, soot filter regeneration has been improved significantly by using a Lao.sCeo 2Mn03 

filterr coating. The regeneration is complete, fast and demonstrates a high selectivity 

towardss C02. Moreover, this coating exhibits excellent thermal stability. Analysis of 

convectivee heat losses for cold inlet gases indicates that the soot light-off temperature of 

700700 K can be achieved for (realistic) space velocities up to 50,000 hr"1. However, cavity 

modificationn is necessary, since the non-homogeneous electromagnetic field distribution in 

thee travelling wave microwave system results in a broad temperature distribution across 

thee filter. 

Inn order to demonstrate the advantage of the use of a perovskite coating as 

comparedd to a non-catalytic filter, carbon burn-off was carried out for a much bigger 

monolithh {4 cm diameter by 4 cm high) with and without the perovskite coating (see the 

figurefigure below). This experiment shows that a more uniform temperature distribution across 

thee filter is obtained for the filter coated with a perovskite coating, while some places in the 

filterr remain cool for an uncoated filter. 
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Filterr coated with carbon only (3.88 wt%) 

798.11 K 

Filterr coated with both perovskite and carbon (26.9wt% P + 1.64 wt% C) 

700 0 

600 0 

500 0 

400 0 

303.11 K 

Inn conclusion, this thesis has provided very valuable knowledge on the physical 

properties,, catalytic performance and reaction mechanism of perovskite-type oxides, in 

particularr of Ce substituted La-Mn based perovskites. By determination of the dielectric 

permittivitiess of the perovskites and thus assessment of the strength of coupling with the 

electromagneticc field, a relation between the heating efficiency and the elemental 

compositionn and crystalline structure of the perovskites can be drawn. Study of carbon 

burn-offf demonstrates the feasibility of microwave-assisted soot filter regeneration using 

perovskitess as coatings. Important directions of further work on this topic have been 

pointedd out: cavity modification in order to obtain temperature uniformity across the filter 

andd a broad study for variation of the elemental composition of perovskites with the aim to 

obtainn more thermostable, catalytically active and poison resistant catalysts. However, 

alsoo the economic implications of the use of this technique should be taken into account. 

Nixdorff et al. (SAE paper, 2001, 69-75) have already shown that an average 15 W would 

bee sufficient for filter regeneration for a 1.9-L Volkswagen engine at a given engine load 

condition.. This clearly indicates that implementation of this technique is in principle also 

economicallyy feasible. 
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Samenvattin g g 

Dee populariteit van de dieselmotor is de laatste decennia sterk gestegen. De basis 

vann dit succes is gelegen in de lage kosten van het gebruik van diesel. Dit is enerzijds toe 

tee schrijven aan de eenvoudige bereiding van diesel en anderzijds aan het hoge 

rendementt van de dieselmotor. Hierdoor is ook de uitstoot van CO2 lager dan die van de 

benzinemotor.. Een positief bij-effect is dus dat de bijdrage aan het mondiale 

broeikaseffectt lager is. Verreweg het grootste nadeel van de dieselmotor is echter de 

vormingg van kleine roetdeeltjes: uit onderzoek is gebleken dat deze bij inademing 

schadelijkk zijn voor de gezondheid en kunnen leiden tot een afname van de 

levensverwachting. . 

Voorr de uitstoot van schadelijke stoffen bij benzinemotoren is de driewegkatalysator 

eenn goede oplossing. Een dergelijke katalysator is echter niet in staat om de roetemissie 

vann de dieselmotor tegen te gaan. De reden daarvoor is dat de temperatuur van het 

uitlaatgass van een dieselmotor te laag is om roet tot verbranding te laten komen. Ook in 

aanwezigheidd van katalysatoren is toevoeging van extra energie noodzakelijk om ofwel 

hett uitlaatgas te verhitten, ofwel het filterelement op te warmen. Roetfilters dienen daarom 

regelmatigg te worden vervangen. Er zijn diverse technieken ontwikkeld om roetfilters 

zichzelff te laten reinigen (regenereren). In dit promotieonderzoek is de haalbaarheid 

onderzochtt van de regeneratie van roetfilters die voorzien zijn van een katalytische 

coatingg en kunnen worden opgewarmd met behulp van microgolfstraling. Uit eerder 

onderzoekk is gebleken dat perovskieten (een metaaloxide met de algemene 

structuurformulee AB03) geschikte coatingsmaterialen kunnen zijn, en bovendien vrij 

goedkoopp zijn. In dit proefschrift worden de fysische, katalytische en diëlektrische 

eigenschappenn bestudeerd voor één type perovskiet: Lai.xCexMn03. Ce kan hierbij 

optredenn als vervanger van plaatsen op het kristal rooster die gewoonlijk door La bezet 

worden. . 

Opp basis van het uitgevoerde onderzoek kan worden geconcludeerd dat de 

onderzochtee methode een goede kans maakt om te worden doorontwikkeld tot een 
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praktischee toepassing. Gebleken is namelijk dat een magnetron in staat is om in een korte 

tijdd alléén de katalytische coating op te warmen, zonder daarbij onnodig energie te 

verliezenn door het hele filter op te warmen. La-(Ce-)Mn perovskieten vormen hierbij een 

geschiktt coatingsmateriaal en zijn, dankzij hun specifieke structuur, zeer geschikt om door 

eenn magnetron te worden opgewarmd. Daarnaast is gebleken dat de structuur van 

perovskietenn stabiel is bij hogere temperaturen en dat ze bovendien actieve 

oxidatiekatalysatorenn vormen. Dit laatste is men name van groot belang bij de verbranding 

vann roet. De mobiliteit van het zuurstof speelt hierbij een belangrijke rol, in het bijzonder bij 

dee CO-oxidatie. De katalytische activiteit van dit type perovskieten tijdens diëlektrische 

verhittingg is vergeleken met de resultaten bij verhitting in een conventionele oven. Dit is 

onderzochtt met behulp van een 'modelreactie' {in dit geval CH4-oxidatie). Hieruit bleek dat 

err een verhoogde activiteit werd gemeten tijdens de diëlektrische verhitting ten opzichte 

vann conventionele verhitting. Dit wordt veroorzaakt door de aanwezigheid van "hot spots", 

extraa warme plekken die typisch optreden bij diëlektrische verhitting en door de hoge 

temperatuurr een verhoogde activiteit hebben. 

Eenn mogelijk probleem bij de toepassing van katalysatoren is dat in dieselbrandstof 

zwavell zit, wat in de motor wordt omgevormd tot SO2 (zwaveldioxide). Dit gas is niet 

alleenn giftig voor mensen en planten {door het ontstaan van zure regen) maar ook 

perovskietenn zijn gevoelig voor SO2 vergiftiging. Gebleken is dat dit vooral bij lage 

temperaturenn een reëel probleem is. Echter indien de perovskiet is opgewarmd door de 

magnetronn vind dit nog maar beperkt plaats. 

Tenslottee is gebleken dat het mogelijk is om een roetfilter (monoliet) te coaten met dit 

perovskiet,, waarbij het materiaal zijn katalytische eigenschappen bleef behouden. 

Waargenomenn is dat de opgevangen synthetische koolstof (roet bevat ca. 70 % koolstof) 

volledigg wordt geoxideerd tot CO2. Dit is een belangrijk resultaat voor bepaling van de 

haalbaarheidd van deze techniek. 

Hieronderr wordt kort ingegaan op de inhoud van de verschillende hoofdstukken uit dit 

proefschrift. . 

Inn hoofdstu k 1 wordt een overzicht gegeven van de gevolgen van dieselroet voor het 

milieu,, de emissiebeperkingen die van overheidswege worden opgelegd en de bestaande 

techniekenn om de uitstoot van roetdeeltjes terug te dringen. Ook het principe van 

roetfilterregeneratiee met behulp van microgolfstraling wordt uitgelegd. Verder wordt een 
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theoretischee beschrijving gegeven van de diëlektrische, fysische en katalytische 

eigenschappenn van perovskieten. 

Bestuderingg van de oppervlakte-eigenschappen en katalytische activiteit van 

perovskietenn is belangrijk voor een beter begrip van dit materiaal als actieve 

oxidatiekatalysator.. In hoofdstu k 2 wordt aandacht besteed aan ten eerste de 

karakteriseringg van La-Ce-Mn perovskieten met behulp van diverse technieken en ten 

tweedee de katalytische activiteit van deze perovskieten in CO-oxidatie, een belangrijk 

bijproductt bij de verbranding van roet. Het bleek dat de opname van Ce in de 

perovskietstructuurr beperkt is. Een kristalstructuur van slechts perovskiet wordt alléén 

gevormdd bij een geringe Ce substitutie, terwijl naast de perovskiet structuur een khstallijne 

CeÜ22 fase ontstaat bij hogere Ce concentratie. Daarnaast leidt substitutie tot meer 

defectenn (cation/antion vacaturen) aan het oppervlak van de perovskiet, wat tot een 

verbeterdee katalytische activiteit leidt. 

Hett mechanisme van isotherme reductie/oxidatie en CO-oxidatie van Lao.8Ceo.2Mn03 

perovskiett is bestudeerd in hoofdstu k 3 met behulp van de transient techniek. Een 

omkeerbaree zuurstofopname is waargenomen bij een temperatuur vanaf 200  C. Verder is 

stabiell bidentaat carbonaat geconstateerd, dat is achtergebleven op het partieel 

gereduceerdee oppervlak. Ook is waargenomen dat het roosterzuurstof van het perovskiet 

deelneemtt aan de reactie. Er blijkt tevens sprake te zijn van twee verschillende 

reactiemechanismenn bij CO-oxidatie: ER- (Eley-Rideal) and LH- (Langmuir-Hinshelwood) 

mechanismen.. In de evenwichtssituatie vindt de vorming van CO2 plaats via een 

carbonaatt dat eerst wordt ontleed en daarna desorbeert. 

Dee diëlektrische eigenschappen (diëlektrische permittiviteit) van La-Ce-Mn 

perovskietenn als microgolfontvangers (susceptors) zijn bestudeerd in hoofdstu k 4. 

Hoewell sintering plaatsvindt, blijft de buikstructuur van de perovskieten intact. Dit duidt 

eropp dat de perovskietstructuur thermisch stabiel is. De frequentie-afhankelijke 

diëlektischee eigenschappen van deze perovskieten (in de vorm van pellets) zijn gemeten 

mett behulp van "open-ended coaxial line dielectric probe". Bij lage frequenties speelt 

ionischee geleiding een belangrijke rol, terwijl bij hogere frequenties, zoals toegepast in een 

magnetron,, de dipolaire heroriëntatie dominant is. Er is verder een relatie gevonden 

tussenn het ceriumgehalte en de diëlektische eigenschappen (zowel e' als e"). Toename 

vann deze waarden treedt op bij Ce substitutie (tot 0.2), wat ontstaat door de grote 

hoeveelheidd cation/anion vacatures (defecten). Bij een nog hogere Ce concentratie (x = 
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0.3),, nemen de waarden voor e' en e" echter af door de vorming van een grote 

hoeveelheidd Ce02 met een lage diëlektrische permittiviteit. 

Dee resistentie van Lai.xCexMn03 tegen SO2 vergiftiging is bestudeerd in hoofdstu k 

5.. Dit werd gedaan door de katalytische activiteit van CH4-oxidatie te meten terwijl 

tegelijkertijdd SO2 over het perovskiet werd geleid. Hierbij is een vergelijking gemaakt 

tussenn diëlektrische verhitting enerzijds en verwarming door middel van een conventionele 

ovenn anderzijds. Het toepassen van diëlektrische verhitting leidt tot een hogere 

katalytischee activiteit dan verhitting met behulp van een conventionele oven. Deze wordt 

veroorzaaktt door het ontstaan van locale "hot spots" op het oppervlak. Gebleken is verder 

datt het deactiverende effect van SO2 laag is bij een hoge temperatuur. Indien het monster 

bloott wordt gesteld aan S02 bij kamertemperatuur vindt wel deactivering plaats voor beide 

verhittingsmethodenn door de vorming van een grote hoeveelheid lanthaansulfaat. Bij 

conventionelee verhitting ontstaat echter ook ceriumsulfaat wat tot extra deactivering leidt. 

Dee deactivering vindt in dit geval sneller plaats doordat de poriën aan de buitenkant van 

dee deeltjes verstopt raken (via het 'shell progressive' mechanisme), waardoor de 

toegankelijkheidd van de reactanten wordt geblokkeerd. Tijdens diëlektische verhitting vindt 

dee verstopping van de poriën plaats aan de binnenkant van de deeltjes (via het 'growing 

core'' mechanisme), terwijl de buitenkant toegankelijk blijft voor de reactanten. Hierdoor 

vindtt de deactivering langzamer plaats. 

Gezienn alle bovenstaande resultaten lijkt Lao.sCeo.2Mn03 perovskiet een zeer 

geschiktt materiaal voor roetfilterregeneratie. In hoofdstu k 6 is daarom de haalbaarheid 

vann deze techniek bestudeerd door het perovskiet aan te brengen op een filter (monoliet) 

mett daar overheen synthetisch koolstof. Hierbij zijn er -ter vergelijking- ook metingen 

gedaann aan een filter zonder het perovskiet en slechts voorzien van het synthetische 

koolstof.. Beide filters zijn geregenereerd in een diëlektrische veld. Bij het filter zonder 

katalysatorr verdween niet alle koolstof en werd CO gevormd. Het filter dat werd voorzien 

vann het perovskiet werd voor 100% geregenereerd, waarbij alle koolstof volledig werd 

omgezett in CO2. Dit is in principe ook mogelijk bij een hogere (realistische) gassnelheid 

vann bijv. 50,000 hr"1. Er zijn ook metingen gedaan met een groter monoliet (diameter: 4 

cm,, lengte: 4 cm), waarbij bleek dat perovskieten ook dan een geschikt coatingsmateriaal 

zijn.. Het filter met perovskiet werd veel uniformer opgewarmd dan het blanco filter dat 

internn een erg groot temperatuurverschil kende. Ondanks dit resultaat is een nog betere 

temperatuurverdelingg gewenst. Dit zou kunnen worden bereikt door de microgolfstraling 
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vann meerdere kanten de monolith te laten bestralen. Een modificatie van de trilholte is 

hiervoorr noodzakelijk. 

Bijj vervolgonderzoe k naar deze katalysatoren is het van belang om veel aandacht 

tete besteden aan de wijze waarop de magnetron het filter opwarmt om een uniforme 

temperatuurverdelingg in het filter te bereiken. Verder zou uitgebreid onderzoek moeten 

wordenn uitgevoerd naar perovskieten met andere chemische samenstellingen met het 

doell om een hogere thermische stabiliteit en een betere resistente voor SO2 vergiftiging te 

bereiken,, met name bij lagere temperaturen. Verder moet de economische haalbaarheid 

verderr worden bestudeerd. Uit een aantal eerste studies is echter al gebleken dat de 

vooruitzichtenn veelbelovend zijn: het is in principe mogelijk een roetfilter te regenereren 

tegenn een zeer laag energieverbruik en daarmee te verwaarlozen kosten. 
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