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ABSTRACT

DEVELOPMENT OF THREE WAY CATALYTIC CONVERTER FOR
AUTOMOTIVE EXHAUST GAS

Bayram, Bilal
Doctor of Philosophy, Chemical Engineering
Supervisor: Prof. Dr. Görkem Külah
Co-Supervisor: Prof. Dr. Işık Önal

June 2021, 171 pages

In

this

study,

a

novel

perovskite-based

three-way

catalyst

(LaFe0.57Co0.37Pd0.06O3/Ce0.8Zr0.2O2/Al2O3) with high performance, thermal stability
and SO2 poisoning resistance was developed. The performance of the developed
catalyst was compared to a standard catalyst based on dispersed metal (Pd/Rh/
Ce0.8Zr0.2O2 / Al2O3). Performance evaluations were carried out in a dynamic activity
test system that simulates redox fluctuations in the exhaust of gasoline engines. ICPOES, BET surface area, X-ray diffraction, TEM-EDX spectroscopy, DRIFTS and
CO chemisorption techniques were used for the characterization of catalysts. The
performances of the catalysts before aging were obtained close to each other. After
hydrothermal aging at 1273 K, perovskite-based catalyst was able to maintain its
activity to a great extent. However, there was a serious activity loss in the standard
catalyst, and NO and C3H8 conversions could not exceed 20% even at 600 oC. XRD
revealed palladium substitution in the B site of the perovskite structure, which was
seen as evidence of thermal stability. The growth of the Pd crystallite size from 3.4
nm to 28.1 nm was evaluated as evidence of the activity loss for standard catalyst.
The CO chemisorption findings were also in parallel with the activity test, according

v

to which the standard catalyst lost 85% and the perovskite-based catalyst lost only
30% CO uptake capacity.

Keywords: Three-way Catalysts, Thermal Stability, Pd-Perovskite, SO2 Poisoning

vi

ÖZ

OTOMOTİV EGZOZ GAZI İÇİN ÜÇ YOLLU KATALİTİK
DÖNÜŞTÜRÜCÜ GELİŞTİRİLMESİ

Bayram, Bilal
Doktora, Kimya Mühendisliği
Tez Yöneticisi: Prof. Dr. Görkem Külah
Ortak Tez Yöneticisi: Prof. Dr. Işık Önal

Haziran 2021, 171 sayfa

Bu çalışmada, yüksek performansa, termal kararlılığa ve SO2 zehirlenmesine karşı
dirence

sahip,

yeni

bir

perovskit

bazlı

üç

yollu

katalizör

(LaFe0.57Co0.37Pd0.06O3/Ce0.8Zr0.2O2/Al2O3) geliştirilmiştir. Geliştirilen katalizörün
performansı, dağılmış metale (Pd/Rh/ Ce0.8Zr0.2O2 / Al2O3) dayalı standart bir
katalizörle karşılaştırıldı. Performans değerlendirmeleri, benzinli motorların
egzozlarındaki redoks dalgalanmalarını simüle eden bir dinamik aktivite test
sisteminde gerçekleştirildi. Katalizörlerin karakterizasyonu için ICP-OES, BET
yüzey alanı, X-ışını kırınımı, TEM-EDX spektroskopisi, DRIFTS ve CO
kemisorpsiyon

teknikleri

kullanılmıştır.

Katalizörlerin

yaşlanma

öncesi

performansları birbirine yakın olarak elde edildi. 1273 K'de hidrotermal yaşlanmanın
ardından, perovskit bazlı katalizör aktivitesini büyük ölçüde sürdürebildi. Bununla
birlikte, standart katalizörde ciddi bir aktivite kaybı tespit edildi, ki NO ve C3H8
dönüşümleri 600

C'de bile %20'yi geçemedi. XRD, perovskit yapısının B

o

bölgesinde termal stabilitenin kanıtı olarak görülen paladyum ikamesini ortaya
çıkardı. Pd kristalit boyutunun 3.4 nm'den 28.1 nm'ye büyümesi, standart katalizör

vii

için aktivite kaybının kanıtı olarak değerlendirildi. CO kemisorpsiyonu, standart
katalizörün %85 ve perovskit bazlı katalizörün yalnızca % 30 CO tutma kapasitesini
kaybettiği ortaya çıkarmış, bu da performans sonuçları ile paralellik göstermiştir.

Anahtar Kelimeler: Üç Yollu Katalitik Dönüştürücü, Isıl Direnç, Pd-Perovskite,
SO2 Zehirlenmesi
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CHAPTER 1

1

INTRODUCTION

This chapter gives general information related to the catalysis area by underlining
the three-way catalysis (TWC) and its applications. Following that, properties,
structure and characteristics of perovskite systems are discussed.

1.1

The Principle of Catalysis

Catalysis technology allows us to produce many products that can be difficult or
expensive to manufacture. In addition to production processes, catalysis also plays
a vital role in controlling environmental pollution [1].

Catalysts help to reduce free energy of activation of a reaction by changing the
reaction pathway [2]. If alternative routes exist, a catalyst can enhance product
selectivity by enhancing just one of the competing reaction sequences, also it can
increase the reaction rate or enable the reaction at lower temperature[3]. The
primary effect of a catalyst on a chemical reaction is to increase its rate coefficient,
without being consumed in the process [3].

In catalysis, there are two fields that can be distinguished, homogeneous and
heterogeneous catalysis [3]. In homogenous catalysis, both the reactant and catalyst
are in the same phase and that brings about the ease of electronic and steric
properties control of the catalysts [3]. Therefore, activity and selectivity obtained
in this field of catalysis are better compared to that of in heterogeneous catalysis
[3]. They are mainly used in small batch reaction processes that have demands for
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pure and selective products, for instance, in the pharmaceutical industry [3]. In
heterogeneous catalysis, catalysts are not in the same physical state as the reactants
[4–8]. For a gas-solid system, shown in Figure 1.1, the reaction happens on the
surface provided by the catalyst [1]. It attracts the reactant molecules on particular
centers of its surface where interfaces between the catalyst and the reactant
molecules exist [9]. Multiple catalytic active sites usually coexist on the surface of
the support, therefore the structural characterization monitored by most of the
spectroscopic techniques give insight into the average surface structure [8,10,11].
The strength of heterogeneous catalysts is in the ease of catalyst recovery and
product separation [1,3]. Due to this fact, heterogeneous catalysis is extensively
preferred in the petrochemical industry and in large-scale production of base
chemicals [3].

Figure 1.1. Catalyzed and uncatalyzed reaction pathways for a heterogeneous
catalytic reaction [3].

2

Resistances occurring in the transport of reactants and products between the solid
surface and the gas system limits the reaction rate in heterogeneous catalytic
reactions [8]. Therefore, heterogeneous catalysis research necessitates a deep
knowledge of transport phenomena and surface chemistry [3].

Heterogeneous catalysts are extensively used in everyday life for the removal
of pollutants from automobile exhausts [8,12]. A gasoline engine exhaust gas
contains numerous harmful compounds such as nitrogen oxides (NOx), carbon
monoxide (CO) and unburnt hydrocarbons (HC) [1,5,6,8,12,13]. Because of the
expanded interest for low-emission vehicles, most automobiles are at present
provided with a three-way catalytic (TWC) exhaust system for concurrent
abatement of CO, NOx, HC [12].

1.2

Three Way Automotive Catalysts

Gasoline-powered passenger cars are known to emit hydrocarbon (HC), carbon
monoxide (CO) and nitrogen oxides (NOx) compounds that are harmful to the
environment and human health [14–18]. This issue began to pose a critical problem
in the mid-20th century [2,12,18,19]. For the first time in 1970, the "Clean Air Act"
regulation aimed at reducing these harmful compounds started to be implemented
in the US [6,12,18]. In parallel with this regulation, catalytic converters were used
in automobiles for the first time in 1975 [5,19,20]. Requirements for the first
converters were 90% CO and HC, 50% NO conversion and 50 000 mil endurance
[6,21]. NOx reduction was at first achieved non-catalytically by a mechanical
framework called exhaust gas recirculation (EGR) [12,14,21,22]. A controlled sum
of engine effluent gas, rich in H2O, CO2 and N2, was fed back into the engine
upstream, in this manner expanding the heat capacity and bringing down the

3

elevated temperature accomplished, driving to a diminish in NOx formation from
the N2 and O2 reaction [5,12,16,23]. This was adequate for meeting the NOx
regulations according to the 1975 emission standard [21]. This approach was
supplanted by the appearance of three-way catalysis (TWC), with which NOx, CO
and HC conversions greater than 90% were accomplished [6,8,12]. In this section
details of exhaust gases, reaction mechanisms taking place on a TWC and
legislative limits for pollutant emissions are explained.

1.2.1

Exhaust Gases

Gasoline is a refined product of petroleum comprising of a blend of hydrocarbons,
added substances, and blending agents [24–26]. The composition of gasolines
changes broadly, depending on the crude oils utilized, the refinery facilities and the
market demand dependent mostly on climatic conditions [24]. The commonplace
composition of gasoline hydrocarbons (by volume) is: 4-8% alkanes; 2-5%
alkenes; 25-40% isoalkanes; 3-7% cycloalkanes; l-4% cycloalkenes; and 20-50%
total aromatics (0.5-2.5% benzene) [24,25]. The gasoline blend is a homogeneous
mixture of hydrocarbons having 4 to 12 carbon atoms (C4 to C12) [24]. Proportions
of C4, C5, C6, C7, C8 and C9-C12 in gasoline are 2%, 20-25%, 30-35%, 10-15%,
11-15% and 10-20% by weight, respectively [24,25].

Gasoline engines, spark-ignited engines, rely on the fuel combustion to produce
power [12,13,27,28]. Spark-ignited engines operate according to Otto cycle, in
which air and gasoline mixture burn inside the internal combustion engine and the
volume of the cylinder remains constant in quasi-static manner [23,29]. Volumetric
compression ratio remains low and constant for gasoline engines [13,23]. In a fourtime stroke gasoline engine, as can be seen in Figure 1.2, the first step is air and
fuel injection [12,30]. It is followed by volumetric compression, which is low
enough compared to that of Diesel engine [12,30]. Combustion takes place at the
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third step in constant volume in which the piston does not move until the
combustion ends [12,30]. Finally, a temperature increase within the system is used
to move the piston [12,30].

For gasoline engines, stoichiometric weight-based air to fuel ratio (A/F) is 14.7 and
the molar ratio at this level is denoted as λ=1 [2,6,12,17,21,31]. Stoichiometry has
a significant effect on fuel efficiency and exhaust composition [2,6,12,17,21].

intake
(a)

compression
(b)

power
(c)

exhaust
(d)

Figure 1.2 Four-time stroke engine a) intake of fuel and air, b) compression, c)
spark and combustion d) exhaust. Adapted from ref [12].
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Engine exhaust gases are complicated mixtures and directly affected by factors
such as acceleration/deceleration, start-up, urban use, intercity use and fuel content
[5,12,32]. Total hydrocarbon content varies between 500 to 5000 ppm.
Hydrocarbon types are 30-40% aromatics, 20-30% olefins, 25-35% alkanes and a
small amount oxygenates (CHO) [21,24,33]. CO content can vary between 100060000 ppm. NOx content can vary between 100 and 4000 ppm [2,12,32,34].
Depending on the fuel type, SO2 content can be between 15-60 ppm [12,35–37].
O2 is in continuous oscillation between 2000 and 20000 ppm. CO2 is around 1015% [12,34]. H2O content is about 10% [12,34]. Finally, nitrogen gas provides the
balance of the mixture [5,12].

1.2.2

Evolution of Gasoline Automotive Catalysts: Regulations, Reactions
and Catalyst Compositions

In this section, how the three-way catalysts have evolved from the time they were
first applied to the present day and related developments in the catalyst content and
reactions on the catalyst will be explained. In addition to these, with the state of the
art achieved today and the expected innovations / additional constraints in the
future, the direction in which the technology will evolve will be mentioned.

Persistent tightening of regulations is the most important factor within the
advancement of automotive catalysts, as can be seen in Figure 1.3 and Table 1.1
[21,26,38–40]. In 1970, “Clean Air Act” regulation in the United States was based
only on 90% HC and 90% CO oxidations [5,6,13,16,18,21,41]. It has been found
that the most active and stable catalysts to achieve mentioned oxidations are
platinum and palladium, as shown in equations 1 and 2 [5,18,42,43].

6

Figure 1.3 History of tightening of exhaust emission limits [44].

Table 1.1 CO, HC and NOx emission limits for United States [5,14,26,38,39]
Year

Emission Limit in US (mg/mile)
CO

HC

NOx

39000

3200

3200

1975 (Congress amend)

9000

900

2000

1980 (Congress amend)

8000

410

1000

1993-2003 (Tier 1)

3400

250

400

2003-2016 (Tier 2)

2100

55

40

2016-2025 (Tier 3)

1000

30

30

1972 (Clean Air Act)
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𝑃𝑡 𝑜𝑟 𝑃𝑑

2𝐶𝑂 + 𝑂2 →

2𝐶𝑂2

𝑃𝑡 𝑜𝑟 𝑃𝑑

4𝐶𝑥 𝐻𝑦 + (4𝑥 + 𝑦)𝑂2 →

(1)

4𝑥𝐶𝑂2 + 2𝑦𝐻2 𝑂

(2)

For NO conversion, 50% conversion was found to be sufficient by applying noncatalytic EGR technology [2,6,12,21]. With this method, some of the combustion
gases coming out of the engine were fed back to the engine inlet, and the formation
of NO gas resulting from the reaction of N2 and O2 was reduced by reducing the
temperatures formed in the cylinder [6,21,45].

The regulation, which was later put into effect in 1975, required improvements in
both engine, fuel and catalyst technology. Tetraethyl lead (TEL), which was used
as an anti-knocking agent, was removed from the gasoline content due to extreme
poisoning effect of Pb on catalysts [5,16,23,46,47]. It was substituted by organic
additive methyl tert-butyl ether (MTBE) [5,6,21]. Following this composition
change, engines with lower compression ratios, that can operate even at lower
octane ratings, was developed [5,26,41]. In parallel with all these, more active and
more durable catalysts were developed by anchoring the active components of the
catalysts to the strong stabilizers Al2O3 and CeO2-ZrO2 with the help of heat
treatment [20]. Also, in this period, catalysts were coated on cordierite monoliths
(2MgO-5SiO2-2Al2O3) with low thermal expansion coefficient and 75-85% open
frontal area [42,48,49]. Thus, the efficiency of the catalysts were increased with
lower pressure drop and higher mass transfer.

In 1980, the NOx conversion was increased from 50% to 90% [21]. It was
understood that this tightening specific to NOx could not be achieved only with the
EGR system. Studies conducted in this period revealed that rhodium is an effective
catalyst in the NO / NO2 reduction reaction, shown in equation 3-5 [42,50,51].
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𝑅ℎ

2𝐶𝑂 + 2𝑁𝑂 → 2𝐶𝑂2 + 𝑁2

(3)

𝑅ℎ

4𝐶𝑥 𝐻𝑦 + (8𝑥 + 2𝑦)𝑁𝑂 → (4𝑥 + 𝑦)𝑁2 + 4𝑥𝐶𝑂2 + 2𝑦𝐻2 𝑂

𝑅ℎ

2𝐻2 + 2𝑁𝑂 → 𝑁2 + 4𝑥𝐶𝑂2 + 2𝐻2 𝑂

(4)

(5)

The stoichiometric level is defined as 14.7 kg air / kg fuel [18,52,53]. TWC
catalysts are designed to operate at the stoichiometric level and can run both
reduction and oxidation reactions at stoichiometric conditions [21,54]. These
properties are unique to TWC catalysts [21]. The division of the instantaneous kg
air / kg fuel level to the stoichiometric level during the operation is defined as
lambda (λ) [5,7,12,31,55]. Fuel-rich levels (λ <1) bring about increase in NOx
conversion and engine power [12,56]. The steam reforming reaction shown in
equation 6 is an endothermic reaction and allows CO and H2 to be obtained from
hydrocarbons at high temperatures [18,57,58]. H2 and CO formed play a vital role
in NO reduction as seen in equations 3 and 5 as reducing agents [12,21]. In the case
where λ >1, lean conditions, oxidation reactions are favorable, fuel efficiency
increases, but NOx conversion is interrupted [59–62].

2𝐶𝑥 𝐻𝑦 + 4𝐻2 𝑂 → 2𝑥𝐶𝑂 + (4𝑥 + 𝑦)𝐻2

(6)

Deviation from stoichiometry can be caused by many reasons such as fuel, season,
acceleration, deceleration, and idle [21]. This situation directly affects engine
efficiency, catalyst efficiency and fuel economy [12,61]. For this reason, the λ level
at which the system operates is a parameter that must be measured instantaneously
and must be constantly controlled [2,63,64]. Due to this requirement, the feedback
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system, which is used to adjust the amount of fuel supply, started to be used in
vehicles in the mid-1980s [63]. The critical component of this feedback system is
the oxygen sensor that communicates with the on-board computer [21]. This sensor
measures the oxygen level in atmospheric air by comparing the oxygen level at the
engine outlet [21,65].
The λ sensor measuring at the engine outlet naturally reacts with a delay and
therefore there is a continuous oscillation in the oxygen level at the exhaust outlet
around the stoichiometric level [12,17,21,55,66]. In order to minimize the effect of
this oscillation on the conversion performance of the catalyst, the oxygen storage
component has been used in the catalyst formulation [55,67]. Usually a mixture of
CeO2-ZrO2 is preferred for this purpose [68,69]. They can easily transfer oxygen
atoms in the structure when exposed to the reducing environment, shown in
equation 7 [21,70,71]. Ceria can easily transfer oxygen atoms both from the surface
and from the bulk [72,73]. Its crystal structure allows the oxygen atoms in the bulk
to easily diffuse to the surface [74]. Zirconia is mostly used to increase the thermal
resistance of ceria [56,68,75–78]. Molecular oxygen transferred from the structure
can come back when the environment reaches oxidizing conditions, shown in
equation 8 [79–81]. The addition of different oxides into Ceria and its effect on
oxygen mobility has been tested in many studies, and since the 1980s, studies are
still being carried out on this subject to increase oxygen mobility and thermal
resistance [71,72,76,82]. The most important reason for this is that catalysts must
be exposed to increasingly higher temperatures (1000 oC) in order to respond to the
more stringent regulations [12,13,18,21,54,82,83].
𝐶𝑂 + 2𝐶𝑒𝑂2−𝑥 → 𝐶𝑒2+𝑥 𝑂3 + 𝐶𝑂2 λ <1

(7)

λ >1

(8)

𝐶𝑒2 𝑂3+𝑥 + 1/2𝑂2 → 2𝐶𝑒𝑂2−𝑥
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Figure 1.4 Air/fuel ratio and stoichiometry [21]

In the early 1990s, tier 1 regulation was implemented and according to this
regulation, it is planned that the conversion of NOx, HC and CO will reach 94-96%
within 10 years [39,84]. In addition, in this regulation, it was mandatory to reduce
the sulfur content in the fuel. With the reduction of sulfur in fuel in the early 90s,
the efficiency and stand-alone use of the Pd-only catalyst came to the fore
[21,54,61,74,85,86]. However, in response to the more stringent regulations, the
requirement that the efficiency of the catalyst in the cold-start period should be
below 30 seconds continued by first approximating the catalyst to the engine and
then adding rhodium to the structure with the realization that palladium could not
respond to this [2,6,21,54].

In the early 2000s, tier 2 regulation, the requirement that the catalyst convert 99%
of the pollutants and be durable for 150000 mil, began to be implemented [39].
During this period, mainly catalysts were used as Pd / Rh catalysts, while Pt / Rh
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catalysts remained in the background [12,21,54]. Again, in this period, there had
been developments in both catalyst and engine operation. Better control of
combustion processes and more efficient fuel injection technologies were material
has become [64,68,69,75,87,88]. In addition, the stability of the oxygen storage
material is increased [56,69,72,75,85]. Palladium was preferred because it was
cheaper, especially compared to platinum. Today, palladium price is around 2.5
times of platinum [2,6,7,21].

Tier 3 regulation published in 2014 necessitated the conversion of these pollutants
at the extent of 99.5% [26]. In parallel with this, Europe, China and India planned
to implement a very close conversions target [21]. Most of the countries of the
world agreed and act together on both fuels saving and environmental protection
[21,40]. The most prominent indicator of this has been that the countries in question
have recently updated their emission control procedures. Federal Test Protocol
(FTP-75) and Supplemental Federal Test Procedure (SFTP) applied in the USA are
used to test catalyst systems in automobiles [21,89]. The procedure of simulating
driving modes by means of dynamometers and measuring emissions with analytical
equipment under these conditions was added to the FTP-75. Thus, it can be seen
how the high temperatures and exhaust flow changes in the exhaust of the engine
under load reflect on the catalytic performance. In addition, the efficiency of the
catalyst systems in the cold start period has been added to the procedure, see Figure
1. 5. According to this, catalytic systems that cannot initiate light-off within 30
seconds directly fail the test [21]. The Environmental Protection Agency also
mandates in SCO3 procedure to measure emission under conditions where the
vehicle's air conditioning systems are active, see Figure 1.6 . Meanwhile, vehicle
manufacturers included sudden transition of lean / rich conditions and exposure to
high exhaust temperatures to catalyst testing procedures to simulate the execution
of the chassis tests [21]. Catalysts are tested by being exposed to thermal aging
conditions ranging from 950-1100 oC for 50-100 hours in order to meet the
requirement of durability of 150000 miles [21].
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Figure 1.5 EPA FTP-75 exhaust test procedure including cold start [89].
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Figure 1.6 EPA SCO3 exhaust test procedure with air condition system [89].

The requirements to be met by catalysts are getting more stringent in the coming
years. Providing light-off conditions between 200-250 oC and at the same time
being resistant to temperatures of 1000

o

C are challenging requirements

[5,12,54,69,88,90–93]. Reducing precious metal content or developing catalysts
from alternative materials are ongoing development issues for TWC area.

1.2.3

TWC Catalytic Components and Their Functions on Reaction
Mechanisms

TWCs are basically active material coated honeycomb shaped cordierite or metallic
monoliths are packed within a stainless steel container (Figure 1.7) and installed
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on the exhaust pipeline (Figure 1.8) [2,5,6,12,42,94].

Stainles steel container

Packing mat

Gas inlet

Gas outlet

Monolithic catalyst

Figure 1.7 An illustration of a catalytic converter that is packed within a stainlesssteel container [12,42].

Figure 1.8 TWC position in a vehicle. [12].

A typical TWC catalyst consists of three or four components which are; 1) high
surface area support material, 2) oxygen storage material, 3) active metals or
platinum group metals (Pt, Pd and Rh) and 4) promoter used to affect the reaction
mechanism [7,54,95]. It is known that many reactions occur simultaneously in the
three-way catalysis system (equations 1-6) [9,95–97]. Mechanisms and kinetics of
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these reactions have been extensively investigated in many studies in the past years
[13,54,96–103]. In this section, the mechanisms of NO reduction, HC and CO
oxidation reactions will be examined.

Steps of NO reduction reaction mechanism in which CO is used as a reducing agent
shown in equations 9 to 14 have been suggested by many researchers [9,54,97].
This reaction mechanism is a classical Langmuir-Hinshelwood mechanism based
on surface chemistry [63,97,104–108]. Accordingly, first, NO and CO are
reversibly adsorbed from the gas phase to the surface. Muraki et al. found that CO
adsorption at 350 oC on the Pd / Al2O3 catalyst was much faster and the adsorption
of NO in the NO conversion reaction was a rate limiting step [109]. In the same
study, they found that CO covers the surface sites and this inhibits the NO
conversion rate. According to their proposed reaction rate equation, the NO
conversion rate is directly proportional to the NO partial pressure and inversely
proportional to the CO partial pressure [109]. On the contrary, Mamede et. al. found
in their study that the rate limiting step was NO dissociation (equation 11) [106].
However, they noticed that as temperature increased, the rate limiting step changed
as oxygen removal (equation 14) step from the surface.

𝐾1

𝑁𝑂(𝑔) + 𝑆 ↔ 𝑁𝑂(𝑎)

(9)

𝐾2

𝐶𝑂(𝑔) + 𝑆 ↔ 𝐶𝑂(𝑎)

(10)

𝑘3

𝑁𝑂(𝑎) + 𝑆 → 𝑁(𝑎) + 𝑂(𝑎)

(11)

𝑘4

𝑁𝑂(𝑎) + 𝑁(𝑎) → 𝑁2 𝑂 + 2𝑆

(12)
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𝑘5

𝑁(𝑎) + 𝑁(𝑎) → 𝑁2 + 2𝑆

(13)

𝑘6

𝐶𝑂(𝑎) + 𝑂(𝑎) ↔ 𝐶𝑂2 + 2𝑆

(14)

In the kinetic study of Granger et. al. on the Pd / Al2O3 catalyst, they found that the
palladium surface was covered by chemisorbed CO and NO molecules [110]. They
suggested that the N2 formation step (equation 13) is dependent on surface
diffusion and, therefore, very little of this step occurs [111]. Instead, they suggested
an alternative step specified in equation 15.
𝑘7

𝑁𝑂(𝑎) + 𝑁(𝑎) → 𝑁2 + 𝑂(𝑎) + 𝑆

(15)

It has been determined that rhodium is more selective to the N-pairing step
(equation 13) when performing the same reaction on Pd and Pt surfaces [111]. The
reason for it is that the dissociative chemisorption of NO is favored by the Rh
surface [111]. This outcome is to a great extent a result of the right arrangement of
the Fermi levels of the metals relative to the atomic orbitals of the adsorbed NO; in
Rh the Fermi level is found over the antibonding orbitals, whereas in Pd and Pt it
is below [97,108]. Hence, extra charge is exchanged from the Rh surface into the
antibonding orbitals of NO, debilitating the N-O bond [97,108].

In light duty vehicle emission, the H2 concentration is about one-fifth of the CO
concentration [5,7,12,26,39]. However, in NO reduction, H2 is also involved in the
mechanism, especially at low temperatures (equation 16-25) [9,112–115]. The
reaction was studied in Pd / Al2O3 catalyst and according to the findings obtained
rate limiting step was determined as dissociation of NO in this reaction [112]. A
similar study was carried out on the Pd / LaCoO3 catalyst and it was determined
that the rate of reaction varies directly with the H2 partial pressure and inversely
with the NO pressure [113]. Accordingly, it was concluded that NO was strongly
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adsorbed to the surface and the reaction rate was slowed due to the weak probability
of the two H atoms required for dissociation to be located in adjacent sites
[112,113]. The main handicap of the NO + H2 reduction reaction is the selectivity
of palladium to the N2O formation (equation 20) at low temperatures [116]. While
the selectivity of palladium to N2O formation at 120 oC was around 70%, it
decreased rapidly with the increase in temperature [116,117].

𝐾1

𝑁𝑂(𝑔) + 𝑆 ↔ 𝑁𝑂(𝑎)

(16)

𝐾2

𝐻2 + 2𝑆 ↔ 2𝐻(𝑎)

(17)

𝑘3

𝑁𝑂(𝑎) + 𝐻(𝑎) → 𝑁(𝑎) + 𝑂𝐻(𝑎)

(18)

𝑘4

𝑁𝑂(𝑎) + 𝐻(𝑎) → 𝑁2 + 𝑂(𝑎) + 𝑆

(19)

𝑘5

𝑁𝑂(𝑎) + 𝑁(𝑎) → 𝑁2 𝑂 + 𝑂(𝑎) + 2𝑆

(20)

𝑘6

𝑁(𝑎) + 𝐻(𝑎) → 𝑁𝐻𝑎 + 𝑆

(21)

𝑘7

𝑁𝐻(𝑎) + 𝐻(𝑎) → 𝑁𝐻2,𝑎 + 𝑆

(22)

𝑘8

𝑁𝐻(2,𝑎) + 𝐻(𝑎) → 𝑁𝐻3 + 2𝑆

(23)

𝑘9

𝑂(𝑎) + 𝐻(𝑎) → 𝑂𝐻𝑎 + 𝑆

(24)

18

𝑘10

𝑂𝐻(𝑎) + 𝐻(𝑎) ↔ 𝐻2 𝑂 + 2𝑆

(25)

Chambers et. al. examined the N2 selectivity of CO + NO and NO + H2 reactions
in Pd / SiO2 catalyst [117]. Under 250 oC, the main product of the NO + H2 reaction
was N2O, whereas in the CO + NO reaction, N2O was observed to occur above 250
o

C. NH3 formation was seen between 150-225 oC and disappeared as the

temperature increased, Figure 1.9 [117]. Rahkamaa-Tolonen et al., in the hydrogendeuterium exchange experiment, determined that the formation of NH3 took place
step by step (equations 21-23) [115]. Oh and Triplett, on the other hand, showed
that in the reaction of 4500 ppm H2, 1500 ppm NO, 18000 CO, 1000 ppm C3H6,
9000 ppm O2, 10% CO2 and 10% H2O, the Pd / Al2O3 catalyst has 100% NH3
selectivity between 400-500 oC [118]. They also found that temperature increase,
CeO2 addition as OSC or replacement of Pd with Rh completely inhibited NH3
[118].

Iglesia et. al. suggested that the breaking of the bonds of diatomic molecules with
strong chemical bonds is possible only by inclusion of atoms having low
coordination number located in the steps and terraces [9]. However, they claimed
that during the reaction, the steps and terraces in question were also inhibited by
the adsorbed molecules. For this reason, they proposed intermediate reaction steps,
stating that high-energy bonds must first be weakened via the bimolecular
pathways and then the bond cleavage will occur (equations 26-28) [9].

𝐾3

𝑁𝑂(𝑎) + 𝐻(𝑎) ↔ 𝐻𝑁𝑂(𝑎)

(26)

𝑘11

𝐻𝑁𝑂(𝑎) + 𝐻(𝑎) → ∗ 𝐻𝑁𝑂𝐻 ∗

(27)

𝑘12

∗ 𝐻𝑁𝑂𝐻 ∗→ 𝑁𝐻 ∗ +𝑂𝐻 ∗

(28)
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Figure 1.9 Reactant and product concentrations as a function of temperature for NO
reduction reactions over Pd/SiO2. (A) 2000 ppm NO+1000 ppm H2+N2 balance.
(B) 2900 ppm NO+3450 ppm CO+N2 balance [117].

CO oxidation is another major reaction in three-way catalysis. Many researchers
have suggested that this reaction is driven by the Langmiur-Hinshelwood
mechanism [119–127]. Engel and Ertl made a mechanism comparison in their
study and could not detect evidence of the Eley-Rideal mechanism [120]. Schwab
and Gossner found that the rate-limiting step was the conversion of adsorbed CO
and molecular oxygen to CO2 in their study on the Pd-based catalyst (equation 30)
[127]. According to this study, the reaction rate is inversely proportional to the CO
concentration and directly proportional to the O2 concentration [127]. Szanyi et. al.
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determined that the rate-limiting step is the desorption of CO [121]. They found in
their study that the Pd surface is covered with CO. Additionally, in this study, it
was emphasized that the reaction between CO+O and finally desorption of CO2
took place very quickly [121]. Xu and Goodman studied the reaction kinetics on
the Pd / SiO2 catalyst. In this study, the temperature was changed between 77 and
727 oC [122]. Xu and Goodman found that the reaction rate increased up to a
maximum with increasing temperature and then decreased with increasing
temperature. Parker and Föttinger found that hydroxyl groups on the Pd surface
increase the reaction rate [124,125]. In these studies, they suggested that carbon
monoxide forms carbonate species with hydroxyl groups, which facilitates the
breaking of the C-O bond. Similarly, Iglesia et al emphasized that for the cleavage
of the C-O bond in CO occurs after intermediate compounds weakens the C-O bond
and direct dissociation is not possible on metal surfaces easily (equation 31 and 32)
[9]. Rajasree et al. investigated the relationship between the CO oxidation reaction
rate and the concentration of H2O and CO2 on the Pd / CeO2-ZrO2 catalyst [126].
According to this study, H2O in the environment directly increased the reaction
rate. On the other hand, the increase in CO2 concentration decreased the reaction
rate, due to the reduction of the oxygen-storing sites by CO2.
𝐾1

𝑂(2) + 𝑆 ↔ 𝑂(2,𝑎)

(29)

𝐾2

𝐶𝑂 + 𝑆 ↔ 𝐶𝑂(𝑎)

(29)

𝑘3

𝑂(2,𝑎) + 𝐶𝑂(𝑎) → 𝐶𝑂2+𝑂(𝑎) + 𝑆

(30)

𝑘5

𝑂(2,𝑎) + 𝐶𝑂(𝑎) → ∗ 𝑂𝑂𝐶𝑂 ∗

(31)

𝑘6

∗ 𝑂𝑂𝐶𝑂 ∗→ 𝐶𝑂2+𝑂(𝑎) + 𝑆

(32)
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There are many complex elementary steps in the propane and propene oxidation
reaction [96,128–132]. Ma et. al. has proposed a reaction mechanism as shown in
equations 33-36 [96]. In this mechanism, P represents two carbon and R represents
single carbon cracking products. In the end, R combines with the adsorbed oxygen
to produce H2O and CO2. Cullis et. al. and Yao's studies showed that CO2
desorption does not affect the reaction rate due to its rapid occurrence [130,131].
On the other hand, H2O molecule slows down the reaction rate due to the formation
of palladium hydroxide. Aryafar et. al. has shown that the adsorption of propane
and propene are the rate limiting steps [132]. Yao have found that the reaction rate
in the Pd / Al2O3 catalyst was inversely proportional to the propene concentration
under O2 rich conditions [128]. In contrast, he found that when the catalyst was Pd
/ CeO2 / Al2O3, the reaction rate varied in direct proportion to the propene
concentration [128]. The reason for this difference was suggested as that CeO2
removes the inhibitory effect of propene. In another study by Yao et al., it was
determined that the reaction rate in Pd-based catalysts is always directly
proportional to the propane concentration [131]. Basically, the biggest difference
between propane and propene reaction kinetics is that propene adsorbs more
strongly to palladium [133].
𝐾1

𝑃 + 𝑆 ↔ 𝑃(𝑎)

(33)

𝐾2

𝑃(𝑎) + 𝑆 ↔ 𝑃1(𝑎) + 𝑅(𝑎)

(34)

𝑘3

𝑃1(𝑎) + 𝑆 → 2𝑅(𝑎)

(35)

𝐾4

3𝑅(𝑎) + 3𝑂(𝑎) ↔ 𝐶𝑂2 + 𝐻2 𝑂(𝑎) + 2𝑆

(36)
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1.3

1.3.1

Perovskites

Structure and Properties of Perovskites

First found for CaTiO3, perovskite type oxides can be shown with a common
formula of ABO3 [134,135]. A typical perovskite crystal structure is comprised of
two cation A and B and an anion Oxygen [8]. These structures, whose properties
such as morphology, surface, electrical conductivity, thermal conductivity,
magnetism, can be tailored by using different cations at sites A and B, continue to
be the main subject of many different studies [136–139]. Perovskites are used as
catalysts in oxidation, reduction, hydrogenation, photocatalysis, electrocatalysis,
VOC elimination [140], water deposition and reforming reactions. In this section,
properties of perovskites used as catalysts in oxidation, reduction and pollution
control reactions will be discussed [141–150].

With the beginning of the 1970s, the extraordinary catalytic properties of
perovskites began to be reported [8,151]. It is widely considered today to replace
precious metals by perovskites [8,139,152–155]. The reasons for this are that they
are easy to synthesize, cheap compared to precious metals, and many properties
can be tailored by adding different cations to the structure [139,156]. The A cation
in the perovskite structure can be from the lanthanide, alkaline or alkaline earth
group. The B cation can be a transition metal with a 3d, 4d or 5d configuration.
Therefore, the perovskite to be formed can be in AIBVO3, AIIBIVO3 or AIIIBIIIO3
structure depending on electroneutrality [8,146,151]. The ideal perovskite structure
is a cubic structure with a Pm3m space group, Figure 1.10 [151]. The corners of
the cube are occupied by cation A and the cation B is located in the center of the
cube [151]. In addition to that, oxygen anions are present at the centers of faces
[151]. Twelve and six oxygen anions coordinate A and B cation, respectively [146].
So, the A cation need to be larger than the B cation. To have interaction between
A, B and oxygen, atomic radii sum of B cation and oxygen anion should be equal
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to √2 times the sum of the atomic radii of A cation and oxygen anion [157]. As
shown in equation 37, the tolerance factor is defined as the division of the sums
mentioned above. If the tolerance factor of a compound is between 0.8 < t <1.0,
then perovskite structure can be formed [8,146,151,157].
R +R

𝑡 = √2 R𝐴 +R𝑂
𝐵

𝑂

(37)

Figure 1.10. Structure of ABO3 type perovskite [146,151].

One of the preferences of the perovskite structure is in this way the plausibility to
receive a wide extend of diverse compositions, changing either the A or the B
cation or somewhat substituting each cation by other cations of the same or
distinctive valences [8,151,157]. Ternary perovskite-type oxides is divided into
A1+B5+O3, A2+B4+O3 , A3+B3+O3 and complex oxides A2+(B0.673+B0.336+)O3,
A2+(B0.53+B0.55+)O3, A2+(B0.52+B0.56+)O3, A2+(B0.51+B0.57+)O3, A3+(B0.52+B0.54+)O3
[157]. None of the material have the ideal cubic perovskite structure. There are few
examples like LaAlO3 are slightly distorted. The stable structure of the crystal
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depends on geometric factors [146]. Although the tolerance factor is not equal to
1, the perovskite structure can be formed and by the addition of different A cations
to the structure, it can create distortion in the sequence of the six O anions
surrounding the B cation, which leads to the formation of orthorhombic or
rhombohedral crystal structures [8,66,101,146,152,158].

Figure 1.11 Orthorhombic (a) and rhombohedral (b) distortions of the perovskite
[146].

Complex oxides are usually applied in the catalysis area, due to their anion or cation
vacant possibilities [151,157,159]. It is possible to accommodate more than one
cation in the A and/or B site of the perovskite structure such as A1-xA'xBO3 or AB1'
xB xO3

or A1-xA'xB1-xB'xO3 [8,151]. Moreover, oxygen excess or deficiency such as

in the formula A1-xA'xB1-xB'xO±δ is (δ subscript shows non-stoichiometry) also
possible to obtain without losing the perovskite structure [154,158,160].
Accommodation of different cation without destroying perovskite structure, (i.e.,
non-stoichiometry) helps the researcher to tailor the electronic and surface structure
of compounds. Moreover, these multi component perovskite materials perform
interestingly promising catalytic properties for carbon monoxide oxidation and NO
reduction with CO or H2 [149,158,161].
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1.3.2

Synthesis Techniques of Perovskites

The synthesis technique is critical in improving the weak textural properties of
perovskites [8,138]. In catalyst applications, the specific surface area can be
increased by modifications in the synthesis routes, which can improve the
accessibility of the surfaces. Solid-solid [162–164], coprecipitation [165,166],
complexation [167,168], freeze / spray drying [165,166,169,170], sol-gel [171],
high-energy ball milling [172] and mesostructuration [173–175] are synthesis
techniques known to be common. Solid-solid was the most widely used method in
the 1970s and this method is mainly based on solid state diffusion and is carried
out by exposing two different metal oxides to high temperature (higher than 1000
o

C) for a long time (more than 12h) [162,163]. In this technique, heat treatment and

grinding steps are repeated, which positively affects the purity of the perovskite
obtained, but extends the synthesis time very much. With this technique, materials
with a crystal size of 10-100 µm and a specific surface area of 1-2 m2/g can be
obtained [162,163]. Coprecipitation, complexation, sol-gel, and freeze / spray
drying are the techniques that use solution chemistry [8]. These techniques gained
popularity in the 1980s [8,146,151,165,167,171]. In these techniques, metal oxides
formed in solution are first dried and then subjected to calcination. Since the
products obtained in solution chemistry are homogeneous, calcination
temperatures in these techniques can be between 500-900 oC [165,166]. Owing to
the calcination applied at lower temperatures than the calcination temperature
applied in the solid-solid method, it can be possible to obtain materials with
relatively higher surface area [167,168]. Specific surface areas of materials
produced with solution chemistry can vary between 5-40 m2/g [8]. High calcination
temperatures may also be required in these applications to remove the precursors
such as citrate or carbonate, which can reduce the specific surface area obtained to
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3-5 m2/g level [176,177]. The reactive grinding technique has gained polarity over
the past 10 years [8]. In this technique, two metal oxides are mixed in a high-energy
ball-mill to form perovskite, usually at room temperature to obtain perovskites.
Pure perovskites can be obtained after an average of 10-20 hours of operation at a
rotational speed of around 700 rpm. Since high temperature calcination is not
applied in this method, materials with a specific surface area of 40 m2/g can be
produced. In order to increase the surface area of the perovskite to be produced,
inclusion of additives (like ZnO or NaCl) in the ball-milling media has been
investigated in many studies [178–182]. Later, these additives are bleached and
taken from the content of the desired products. With this method, perovskites
having high specific surface area (82 m2/g) and a few nanometer-sized crystals
were obtained [183]. These high-field products have shown promising performance
in CO [184] oxidation, methane oxidation and N2O [185] decomposition reactions.
Although the performance of the catalysts obtained by the reactive grinding method
is promising, the long grinding duration and the expensive bleaching processes are
the obstacles to the practicality of this method and therefore to its widespread use.
With the elimination of these handicaps, this method has the potential to gain
popularity in the future [8]. Another important synthesis technique found in the
literature is mesostructuration (or nanocasting). This method is based on the use of
structures with known porosity as template (nano-cast) [173–175]. In the study of
Wang et al., viniyl silica was used as a nano-cast and the desired perovskite
precursors were complexed on this structure with solution chemistry [173]. After
the calcination process, vinyl silica, was abraded with the help of NaOH solution.
With this method, LaCoO3 and LaMnO3 with a specific surface area of 97 m2/g and
155 m2/g, respectively, could be produced [173]. These high surface area catalysts
produced showed remarkable activity in methane oxidation and methanol oxidation
[175]. It is promising to achieve high surface area and remarkable activities in
catalysts produced by this method [8,174,175,185]. On the other hand, the use of a
template and then the separation of this template makes this technique expensive
[8].
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1.3.3

Redox Properties of Perovskites

Intrinsic redox properties of perovskites, which allow them to involve in many
oxidation reaction mechanisms, is the most important reason for their preference
as catalysts [146,151,171]. In a structure in the form of LnBO3 (if Ln is an alkaline
earth metal) the redox is generally determined by the B site [186,187]. The
contribution of the A site to the redox properties can be of secondary importance
in hydrocarbon oxidation reactions and when they have AIII value [188,189]. Two
different peaks were observed in the H2-TPR experiments of the alkaline earth
cobaltites [85,188,190]. Whereas, only one peak is observed in TPR experiment of
Co3O4 around 350 oC [189]. The first of these peaks is observed around 400 oC and
is due to the transformation of Co+ 3 in the perovskite structure to Co+ 2 as indicated
in equation 38 [189]. If the temperature is not increased any further, the reduction
degree of 1 e-/ molecule cannot be exceeded Figure 1.12-A. As the temperature was
increased, the reduction of cobalt from Co+2 to Co0 occurred (equation 39) Figure
1.12-B [189].

2𝐿𝑛𝐶𝑜𝑂3 + 𝐻2 → 2𝐿𝑛𝐶𝑜𝑂2.5 + 𝐻2 𝑂

(38)

2𝐿𝑛𝐶𝑜𝑂2.5 + 2𝐻2 → 2𝐿𝑛2 𝑂3 + 2𝐶𝑜 + 2𝐻2 𝑂

(39)
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Figure 1.12. A) Reduction and reoxidation of LaCoO3 indicated temperatures. B
Temperature programmed reduction of LaCoO3 [189]

Cobalt takes longer to turn completely into metallic form, mainly because the
reduction reaction takes place according to the contracting sphere model [151].
According to this model, first the outer layer of the sphere is reduced and then the
reduction reaction slows down due to the diffusion resistances [191]. As a matter
of fact, it can be seen that this model works in the Figure 1.12-A, where complete
reduction has lasted for about 6 hours. Reduced to metallic state, cobalt continues
to be found in the A cations in the perovskite matrix [146,151,171]. If it is oxidized
slowly again (around 400 ° C), the perovskite structure can be restored [151].
However, when the material reduced to the metallic phase is exposed to high
temperature (1000 oC) in an inert atmosphere, the cobalt atoms are sintered and the
perovskite structure cannot be obtained by re-oxidizing [189]. Irusta et al. found
that the temperatures at which TPR peaks were formed increased with increasing
calcination temperature applied to the material [140]. This is explained by the
increase in the crystal size of the material and the extension of the diffusion times
naturally [140,169,188,192,193]. Many studies have been conducted to determine
the effect of A site on the reduction process in cobaltites. Futai et al. found that
surface oxygen binding energy is correlated with Tmax peaks obtained with TPR
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[188]. Accordingly, the order of LaCoO3 <PrCoO3 <NdCoO3 <SmCoO3 <EuCoO3
was determined depending on the ease of reduction [188]. The effect of having
more than one A cation in the structure on the ease of reduction was investigated
by Irusta et. al. on the La0.8Sr0.2CoO3−x catalyst. Adding Sr to the LaCoO3 structure
prevented the crystalline size of the material from growing and thus facilitated
reduction [140]. In this study, it was determined that the first TPR peak was around
200 oC [140]. Nakamura et al. Determined that the addition of Sr to the structure
affects the formation of unstable Co+4 and, consequently, oxygen vacancies [193].
Similarly, the reducibility on the LaFeO3 catalyst in the form of ABO3 was studied
by Tejuca et al [146]. According to this study, excess oxygen (more than 3 e/molecules) was detected in the structure and the reason for this was proposed as
evidence for the presence of Fe+ 4 ions [146]. Ciambelli et al. Studied the change
of the ratio of Fe+ 4 ions on the catalyst LaFe1 − xMgxO3 (x = 0.1−0.5). In this study,
it was understood that the ratio of Fe+ 4 ions increased until the level of x = 0.2 and
the ratio remained the same at higher levels [137,194]. Marti et al. Studied the
relation of A site (A = La, Pr, Nd, and Gd) with the nonstoichiometry of the Fe
cation. In this study, it was determined that only LaFeO3 catalyst contained Fe+4
ion [195].

1.3.4

Oxygen Mobility Properties of Perovskites

Oxygen mobility can be characterized by temperature programmed desorption TPD
or isotopic oxygen exchange methods [8]. Oxygen mobility has been extensively
studied as it elucidates the properties of the perovskite catalyst that are directly
related to its performance, such as oxygen storage capacity, crystal irregularities in
its

structure,

and

oxygen

nonstoichiometry

[160,193,203–209,195–202].

Perovskites can adsorb and desorb two types of oxygen, α and β. The first oxygen
peak in TPD tests belongs to the weakly bound alpha oxygen and this peak is
usually obtained below 500 oC [174,210]. The amount of α oxygen is less compared
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to the full oxygen coverage of the sample [202,203,205,207]. It has been suggested
that α oxygen is the O- and O2- species that bounded weakly to the B site on surface.
β oxygen can be detected in the form of a sharp peak and at higher temperatures
Figure 1.13 [174]. β oxygen is desorbed from the bulk of the material and reversibly
occurs in perovskite structures [151].

Figure 1.13 TPD spectra of O2 from sample La0.99Co0.86Fe0.15O3-δ calcined at
various temperatures [174].

The relation of the desorption amount of α-O2 with the cation addition made to site
A has been studied by many researchers on the La1-xSrxCoO3 catalyst
[193,204,211]. As the rate of Sr addition increased, a very high amount of oxygen
desorption was detected, and this was because the Sr addition created oxygen
vacancies in the crystal lattice, Figure 1.14 [193].
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Figure 1.14 TPD curves of oxygen from La1-xSrxCoO3 [193].

The isotopic exchange method helps to understand the behavior of the catalyst in
the reaction mechanism [8,212]. With this technique, it is basically possible to
separate the oxygen from adsorbing/desorbing on/from the surface of the catalyst
and the oxygen dissociating and diffusing it into the lattice [213,214]. The second
can give information about the intrinsic reactivity of the catalyst. In this technique,
the gas mixture consisting of 18O2 and 16O2 isotopes is sent to the sample and it is
possible to determine how the mass over charge ratio (m/z) of 36 (18O2), 34
(18O16O), 32 (16O2) in the effluent change compared to the upstream [214,215]. For
the dissociative adsorption to take place, the reaction of the oxygen in the structure
of the catalyst and the change of 32/36 mass ratio accordingly is taken as basis
[213,214]. Dissociation of oxygen molecule and diffusion of molecular oxygen in
to the crystal lattice brings about the possible combination of oxygen atoms coming
from gas and bulk, i.e. heteroexchange [213–216]. Royer et. al. studied the
heteroexchange mechanism, demonstrated in Figure 1.15 [212]. According to their
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proposal, oxygen diffusion between crystal particles occurs faster than oxygen
diffusion between the catalyst bulk and its surface. Therefore, particle size
reduction will positively affect the rate of reactions dependent to oxygen adsorption
/ desorption kinetics.

Figure 1.15 Scheme of oxygen Exchange on LaCoO3 [212].

Nakamura et al., using

18

O2 on the La1-xSrxCoO3 catalyst, studied whether

heteroexchange occurred and the effect of the Sr ratio on the heteroexchange rate
[193]. Below 150 ° C (for x = 0 or 0.2) there was no positive effect of the Sr ratio
on the heteroexchange rate [193]. On the other hand, it was determined that the Sr
inclusion increased the heteroexchange rate at 300 oC. For x = 0.6 heteroexchange
was detected even at 150 oC. According to the findings, it was understood that the
most important factor affecting the heteroexchange rate is the diffusion of oxygen
from the lattice to the surface [193]. Cherry et. al. proposed that the oxygen vacancy
would not be the only reason affecting diffusion, in addition, the size of the A and
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B cations may also be effective [217]. According to this study, the reduction of the
size of the A cation (optimum 0.095nm) and the growth of the size of the B cation
(0.075nm) provide optimum conditions for the migration of oxygen from bulk to
the surface [217]. When these findings are associated with the tolerance factor, it
has been determined that the optimum tolerance factor level that facilitates the
diffusion of oxygen to the surface is approximately 0.81 [218].

1.3.5

Adsorption Properties of Perovskites

The probe molecule adsorption technique provides information about the nature,
structure and possible involvement of sites on perovskite surfaces [151,219]. The
equilibrium level, adsorption kinetics and desorption of these molecules are
frequently studied [219–223]. It has been determined that the amount of CO
adsorption in the perovskites in the form of LaBO3 (B = transition metal) is
determined by the cation in the B+3 site [219]. Maximum CO adsorption was
obtained with Fe+3 cation, and isobutene adsorption was parallel to CO adsorption
[219]. In the CO2-CO sequential adsorption test on the LaCrO3 surface, it was
found that both molecules were adsorbed on the same sites [224]. On the other
hand, in the O2-CO sequential adsorption test, it was determined that both
molecules were adsorbed as much as they were on the clean surface, and it was
found that these two molecules were attached to different sites [219,222,225]. It
has been determined that CO binds to surface oxygen by metallic ions and
depending on the temperature (298-773 K), the amount of CO adsorbed increases
[186,225]. In the NO adsorption study on LaBO3 perovskite catalysts, it was
determined that the adsorption reached the maximum level in the case of Co as the
B site [219]. Unlike CO adsorption, NO adsorption on LaFeO3, LaNiO3 catalysts
did not increase with increasing temperature (273-673K) [219]. On the other hand,
for LaCrO3, LaMnO3 and LaRhO3 catalysts, the change in temperature provided
only 20% increase [225,226]. In the light of these findings, it was determined that
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NO molecule adsorption is a process that progresses without the need for activation
by temperature. The amount of NO adsorbed on the above-mentioned perovskites
is very close to the amount adsorbed from simple oxides. Infrared adsorption
spectra showed that NO molecule was adsorbed on LaMnO3 in the form of
dinitrosyl, nitrite and nitrate. According to this result, NO can interact with both
Mn+ 3 and O-2 ions [226]. In the sequential NO-CO and CO-NO adsorption tests,
when NO was adsorbed first, the adsorption of CO was inhibited and this led to the
conclusion that NO was adsorbed more strongly [219]. As a matter of fact, NO and
CO adsorption thermodynamic parameters were compared on LaCrO3 and NO was
found to have higher adsorption enthalpy and lower adsorption entropy [219,225].

Oxygen adsorption profiles are studied due to the use of perovskites in oxidationreduction reactions. The amount of oxygen adsorption in LaMO3 (M = Cr, Mn, Fe,
Co, Ni) catalysts was tested by Kremenic et al [222]. It was determined that the Mn
and Co profiles reached the maximum, shown in Figure 1.16. This result was also
consistent with the findings of Iwamoto et. al. [223] . Many studies have found that
most oxygen adsorption is irreversible [193,199,222,223,227–229].
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Figure 1.16 Extent of total (open circles) and reversible (filled circles) oxygen
adsorption on clean LaMO3 surfaces [222].

1.3.6

Thermal Stability of Perovskites

The thermal stability of perovskites is mostly affected by A cations [151]. In order
to understand its thermal stability, the mechanisms by which perovskites are
deformed at elevated temperatures have been examined in many studies [188,230–
232]. The reduction of the cation at B site in reducing environments and then its
sintering with the effect of temperature irreversibly destroys the perovskite
structure [8,151]. Arakawa et al. investigated the reduction extent in LnCoO3 (Ln
= lanthanide cations) catalysts and found that the growth of the cation diameter at
site A decreased the reduction extent [230]. In this study, improvement of the
thermal stability of perovskites with the increasing size of A cation has shown
experimentally. In a systematic study carried out by Katsura et. al., Gibbs free
energy of formation (ΔGo) analysis was performed between 1150-1300 K on
LnFeO3 catalysts [232]. The findings showed that increasing the cation diameter in
the A site increased the negativity of the ΔGo value, which theoretically supported
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the work of Arakawa et. al. [230,232]. In another study, the relationship between
tolerance factor t and stability LnCoO3 (Ln = La, Pr, Nd, Sm, Gd) was studied
[192]. In this study, the reduction peaks occurred around 633 K (Co+ 3 to Co+ 2) and
around 800 K (Co+2 to Co0) during reduction process. It was revealed that the factor
preventing the sintering of cobalt in its reduced form at the Co0 state in the
perovskite matrix is the increasing diameter of the A cation and therefore the t
factor. The study revealed that thermal stability increases with the increase of the t
factor (equation 37) [192].

37

CHAPTER 2

2

LITERATURE REVIEW

Gasoline engine exhausts, containing unburned or partially burned hydrocarbons
(HCs), carbon monoxide (CO) and nitrogen oxides (NOx) as primary pollutants
[12], are treated with three-way catalysts (TWCs) to convert these pollutants to less
harmful compounds (CO2, H2O) for environmental pollution control [58,154].
Noble metals are extensively preferred as active components in TWC applications
[20] due to their ability to change their oxidation states easily with the alteration of
environments between oxidative and reductive conditions [139]. Metallic Pd or Pt
supported on metal oxides, mostly Al2O3 as support and/or ceria as oxygen storage
material was reported extensively as effective catalysts for oxidation reactions
[5,54,154]. In addition to that, inclusion of Rh in the formulation was found to favor
the NO reduction reactions [32,154,233,234]. Both the morphology, i.e. high
specific surface area of the support, and the extent of dispersion, i.e. a few
nanometer-sized noble metal clusters, are the key factors for the performance of
dispersed noble metal catalysts, but these properties are very sensitive to exposed
temperatures and poisoning chemicals [69,142,144,234,235]. Catalysts, mounted
closer to the engine exhaust (i.e., close-coupled catalyst or CCC) for shorter coldstart period, are exposed to high temperatures even ranging up to 1000 °C
[2,12,235,236] resulting in the loss of surface area of the support material [154],
sintering of active components [13,237] and consequently, causing an irreversible
deactivation of the catalyst [238,239]. As higher and higher targets for performance
and durability are pushed forward by legislators, dispersed noble metals, which can
start sintering around 500-700 °C, started not to meet the requirements [12,26].
Thermal stability remains as an issue that necessitates ongoing material
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development due to the stringent emission standards [26,38,39]. Another important
catalyst deactivation mechanism is the poisoning, which occurs due to
chemisorption of lead (Pb), sulfur (S), and phosphorus (P) by catalytically active
components [45,52,240,241]. With an increase in the extent of poisoning, the
deactivation of active sites and pore blockage occur, which result in a decrease in
catalytic activity [91]. Therefore, exploration of new catalytic materials that
possess high thermal endurance and good poisoning resistance remain as an
ongoing technological advancement area to solve the problem associated with three
way catalysis [7,54,84]. Over the past two decades, perovskite-based materials
have been extensively studied in TWC applications due to their thermal stability
and adjustable surface and bulk properties [8,21,54,151]. Within the scope of these
studies, perovskites were tested as OSCs [66,87,150,156,242], as precious metal
substitutes [11,143,164,194,201–203,243–245], as supports to stabilize precious
metals [65,101,102,150,152,246,247] and as hosts that take precious metals into
their structures [18,64,66,102,116,142,144,245,248]. Synthesis techniques,
textural properties, and intrinsic properties of perovskite structures have been
developed since the 1970s [163,165–168,172,176,185,196,208]. These materials
are known to exhibit remarkable performance in CO, HC oxidation and NO
reduction reaction [8,146,151]. In addition, it has been shown in many studies that
they can protect their structures even at high temperatures, and thus delay/prevent
the

sintering

of

precious

metals

added/supported

in

their

structures

[54,139,142,242,249,250]. Today, the use of these perovskites together with noble
metals (NMs) or directly as an alternatives to NMs in TWC applications are the
subjects of many studies [18,64,66,87,142,144,154,248].

The activities of perovskites have been studied on CO, HCs oxidation and NO
reduction reactions [11,101,137,154,194,201,251–253]. The effect of substitution
of A or B cations with other cations on critical parameters such as anion deficiency
or anion excess or lattice oxygen mobility has been investigated in many studies
on

these

reactions

[66,101,256,257,150,154,162,185,212,251,254,255].
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Perovskites containing divalent cations at B sites can generally be active in
oxidation reactions [8]. Mostly LnBO3 (Ln = lanthanides) perovskites show high
activity in CO and HC oxidation reaction when B site is Mn, Co, Ni or Fe [151]. In
Royer et al.'s study of the oxidation of H2 + CO + CH4 gas mixture on LaCoO3 and
LaMnO3 catalysts (shown in Figure 2.1) revealed that LaCoO3 showed slightly
higher activity [143]. It was also determined that CO was converted first, then H2
and finally CH4. The same conversion sequence was obtained with the Pd catalyst,
but the conversion temperatures obtained with the Pd catalyst were 70 oC lower for
CO and H2 and 180 oC lower for CH4 [143].

Figure 2.1 Catalytic oxidation of H2, CO and CH4 over LaMnO3 and LaCoO3.
Same concentrations of H2, CO and CH4 (1.5%) + 17.6% O2 + 4.1% CO2 +1.5%
H2O [143].

Suprafacial mechanisms in CO oxidation and intrafacial mechanisms similar to
Mars and Van Krevelen mechanism in CH4 oxidation were found to be effective
[143]. High temperatures are required for intrafacial mechanisms to come into play.
Therefore, CH4 conversion started between 450-500 oC Figure 2.1. Cobaltite and
manganite perovskites are very active catalysts for CO oxidation because the B site
cations contained in these catalysts can exist in more than one oxidation state
(Co+2/Co+3 and Mn+ 3/Mn+4) which generates excess oxygen on the catalyst surface
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[11]. Cations in a higher oxidation state on the surface play an active role in CO
activation and can easily transfer excess oxygen in their structure to CO [11]. They
can recover the oxygen they lost from the oxygen in the gas phase. It has been
found that the substitution of Ce at site A in the LaMnO3 (La1-xCexMnO3) catalyst
contributes to the anion diffusivity so that the oxygen contained in bulk can also
assist in surface reactions [161]. As a result, dramatic improvements in CO lightoff temperature were observed, shown in Figure 2.2 [161]. Similar situations are
also valid for the LaCoO3 catalyst, and the substitution of Sr to A site in this catalyst
showed that the light-off temperature decreased to 180 oC in the CO oxidation
reaction [258].

Figure 2.2 CO oxidation over La1-xCexMnO3 perovskite catalysts. Reaction
conditions: 1% CO + 1% O2 +98% He. [161]

Zhang-Steenwinkel et al. studied the mechanism of CO oxidation on manganites
and determined that the rate determining step of the reaction as the CO adsorption
from the gas phase to the surface [145]. In the same study, it was also determined

42

that the adsorption of oxygen to sites at low temperatures decreases the reaction
rate, but this effect disappears as the temperature increases [145]. In addition, it
was determined that lattice oxygen migration was involved in the reaction with the
increase of temperature [145]. It has been found that this positive effect of
temperature compensates for the negative effect of the decreasing specific surface
area on the reaction rate [145].

Ferrites (LaFeO3) show less activity in CO oxidation compared to cobaltites and
manganites [11,243]. Nevertheless, the fact that iron is cheap and abundant
maintains a constant interest in this metal [11,194,259,260]. The reducibility of
iron, present in the Fe+3 and Fe+4 oxidation states within the perovskite structure,
directly affects the CO oxidation performance [11,194,259,260]. The effect of Sr,
Ca, Nd, Sm substitution in the A site on oxidation performance evaluated by
Ciambelli et. el. and it was found that Nd had the highest activity with a light off
temperature of 321 oC [194,261]. In addition, the substitution of Cu, Mg, Cu and
Pd in to the B site did not dramatically increase the oxidation performance.
However, it has been observed with isotopic exchange technique that Cu and Pd
substitution increases the bulk oxygen mobility in LaFeO3 (LaFe1-xPdxO3, LaFe1xCuxO3)

catalyst [116,262].

Propane oxidation has been studied in many studies on ferrites [263–265],
manganites [266], cobaltites [267] and double-substituted catalysts [268]. Song et
al. Studied the oxidation mechanism of propane on the La0.66Sr0.34Ni0.3Co0.7O3
catalyst [268]. It has been determined that the most suitable mechanism for the
oxidation of propane is the Mars and van Krevelen mechanism [268]. According
to the findings of the studies conducted, it was determined that propane oxidation
started at 200 oC and the light-off temperature around 300 oC [268]. These lightoff levels were found to be close to the levels obtained with Pt, Pd and Rh catalysts
[131,269,270]. Spinicci et al. [271] compared the oxidation performance of alkanes
on the LaBO3 (B = Mn, Co, and Fe) catalyst with that of the PdO / Al2O3 catalyst.
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Surprisingly, they found that ferrites were the most active catalysts in the oxidation
of alkanes and even demonstrated better activity in the PdO catalyst. It has been
suggested that the main reason for this is that ferrites have higher bulk oxygen
mobility than the other two perovskites [269,271].

There are many studies in the literature on reduction of nitrogen oxides [272].
Direct decomposition of NO and N2 selectivity as a product have been studied on
many perovskite structures (equations 40 and 41) [273]. However, without
reducing agents such as H2 or CO in the reaction medium, this reaction has not
been found in the literature that this reaction takes place on a perovskite catalyst
without precious metal [8,29,101,274]. The Selective Catalytic Reduction (SCR)
process works in TWC applications [8,151,251,253,254]. In this process, NOx are
continuously reduced with the help of reducing agents H2, CO [101,251,274].

𝑁𝑂𝑔 ↔ 𝑁𝑂𝑎

(40)

2𝑁𝑂𝑎 ↔ 𝑁2 + 2𝑂𝑎

(41)

The H2-SCR reaction, mechanism specified in equations 9-16, has been studied on
perovskite catalysts in stoichiometric or oxygen-rich media [101,253]. Rodriguez
et al. Studied the H2-SCR reaction on BaTiO3 and BaTi0.95Pd0.05O3 catalysts [101].
The BaTi0.95Pd0.05O3 catalyst converted 85-95% of NO (even in the presence of
CO2 and H2O in the feed). However, the N2 selectivity was 50% [101,134,253]. In
addition, without Pd, NOx conversion did not occur under these conditions.
Palladium-containing perovskites have been extensively studied in NO reduction
[110,275–277]. In the study performed on LaCoO3 catalyst, a maximum conversion
of 5% was achieved under excess oxygen, with bulk LaCoO3. Complete conversion
of NO with 63% N2 selectivity was achieved at 148 oC with the inclusion of Pd to
the structure (LaCo1-xPdxO3) [110]. The reason for the low activity of LaCoO3 in
NO conversion is due to the formation of stable nitrates on the catalyst, and the
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addition of Pd to the structure removes the nitrates from surface [110,277].

Furfori et al. synthesized ferrites with different cation substitutions at sites A and
B

(LaFeO3,

La0.8Sr0.2FeO3,

Pd/La0.8Sr0.2FeO3,

La0.8Sr0.2Fe0.9Pd0.1O3,

La0.7Sr0.2Ce0.1FeO3, Pd/La0.7Sr0.2Ce0.1FeO3, La0.7Sr0.2Ce0.1Fe0.9Pd0.1O3) [251].
Among these catalysts, the activity of La0.8Sr0.2Fe0.9Pd0.1O3 was the highest. As
seen in Figure 2.3, in an oxygen-free environment and 40000 h-1 GSVH conditions,
all of the NO was converted into N2 at 200 oC. However, in the feed containing 5%
oxygen, a maximum conversion to 55% N2 was achieved and then N2O and NO2
formation was observed with the effect of increasing temperature. The authors
stated that the performance and selectivity of this catalyst under stoichiometric
conditions would be promising and argued that the activity of this catalyst was due
to the oxidation state of iron being suitable for NO and H2 adsorption [251].

Figure 2.3 NO conversion to N2 on powder La0.8Sr0.2Fe0.9Pd0.1O3: (A) 1000 ppmv
NO, 4000 ppmv H2, He balance and (B) 1000 ppmv NO, 10.000 ppmv H2, 5% O2,
He balance [251].

The C3H6-SCR reaction (NO + C3H6 + O2) has attracted the attention of many
studies [254,256,278,279]. It has been understood that Fe-based materials are the
most effective NO reducers in perovskite catalysts [278,279]. Zhang et al. found
that 81% of NO at 450 °C and 97% of NO at 700 °C was converted to N2 (3000
ppm NO, 3000 ppm C3H6, and 1% O2 in helium at a space velocity of 50 000 h-1)
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[256]. The reason for successful conversion at this level was emphasized by the
authors that iron increases the oxygen mobility in the lattice, which in turn
improves the reducibility of the catalyst. In addition, it was among the findings of
the study that adding Pd to the perovskite structure decreases the transformation
temperatures [147,256].

Perovskite catalysts have also been tested in TWC applications where both
reduction and oxidation reactions occur together under gasoline-powered engine
exhaust conditions [18,64,66,142,144]. In the study conducted by Zhou et al. [18]
performances of palladium-substituted perovskite (LaFe0.77Co0.17Pd0.06O3) and
perovskite-supported palladium (Pd/LaFe0.8Co0.2O3) catalysts were compared and
the doped catalyst was found to be more active at the same Pd loading. However,
the performance change after thermal aging or SO2 poisoning was not investigated.
Guilhaume et al., compared the performance and oxygen storage capacity of
perovskite based LaMn0.976Rh0.024O3+δ catalyst to that of a reference dispersed
metal based Pt–Rh/CeO2-γ Al2O3 catalyst under oscillating conditions and in the
presence of steam in the reaction mixture [66]. It was found that the perovskitebased catalyst also had promising oxygen storage capacity and good performance,
but the performance change after hydrothermal treatment or poisoning effect was
not studied. Furthermore, the use of powder catalyst instead of structured
monolithic catalysts, no alkane (i.e. C3H8) presence in reacting gas mixture and
very low GHSV (13000h-1) preference makes the study far from simulating real
exhaust conditions. However, only a limited number of studies are available on the
investigation of the effect of hydrothermal aging [64] and poisoning [142,144] on
the performance of perovskite based-TWC catalysts. Nishihata et. al., compared
the three-way catalytic performances of Pd/Al2O3 and LaFe0.57Co0.38Pd0.05O3
catalysts after 100h aging at 900 oC under real exhaust conditions. They observed
that the former catalyst lost about 10% of its activity due to noble metal sintering.
On the other hand, the perovskite-based catalyst preserved its activity and
maintained the high dispersion of Pd particles after aging. Accordingly, they
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proposed that, under slightly reducing environment, Pd particles segregate out of
the perovskite crystal and under oxidative atmosphere they dissolute back into bulk
perovskite structure. Therefore, the reversible movement of palladium into and out
of the perovskite matrix in response to cyclic redox fluctuations of the exhaust gas
composition suppressed the sintering of palladium particles. In this study, the effect
of hydrothermal aging at 900 oC was studied but the effect of hydrothermal aging
at higher temperatures and the effect of poisoning on the activity of the catalyst
remained as issues to be investigated. Tzimpilis et al. studied performance, thermal
durability and SO2 poisoning resistance of two perovskite based natural gas vehicle
catalysts: La0.91Mn0.85Ce0.24Pd0.05Oz and La1.034Mn0.966Pd0.05Oz [142,144]. Both
catalysts showed better thermal stability and poisoning resistance compared to that
of commercial Pd-based catalyst. However, these studies were performed under
steady state reactant concentration and the results cannot represent the fluctuating
redox conditions of gasoline vehicle exhaust. The catalytic converters of gasoline
engines have to satisfy high performance, thermal stability and SO2 resistance
requirements under realistic conditions in which severe mass transfer limitations
and fluctuating stoichiometry take place. Most of the studies on three-way catalysis
prefer powder catalysts usage at low gas hourly space velocity (GHSV<15000 h-1)
[18,158] or steady stoichiometric conditions [18,142,144].

Current FTP-75 and SC03 catalyst performance test protocols are based on
dynamic driving conditions [89,280]. These protocols force the engine to operate
between fuel rich and fuel lean conditions in a transient manner [89]. During these
transitions, the exhaust gas temperature can instantly rise up to 950 oC to 1100 oC
[281]. As Tier 3 standard mandates 150000 mil catalyst life, catalysts can be
exposed to these temperatures between 50 and 100 hours during their lifetime
[26,38].

The catalyst previously developed by our working group has shown that it has
superior properties in terms of performance and thermal resistance than a
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commercial catalyst [282]. Therefore, the performance, thermal stability and SO2
poisoning resistance of the catalyst we developed within the scope of this study
will be compared with the catalyst previously developed by our group (hereinafter
referred to as benchmark catalyst or C1). According to Tier 3 standard and FTP-75
protocol, the catalyst must reach its light-off within 30 seconds [89]. In most
vehicles, the catalyst bed reaches 300 oC within 30 seconds, so a light-off of 300
o

C or less will also be considered in the catalyst performance evaluation

[2,5,21,26]. The benchmark catalyst contains 0.75% by weight of noble metal
(0.1% Rh and 0.65% Pd) nominally. Noble metal loading at the same weight ratio
was also preferred in the perovskite-based catalyst formulation. The benchmark
catalyst contains 27.3 wt % Ce0.8Zr0.2O2. In order to make an efficient comparison,
this ratio was kept the same for the perovskite-based catalyst. The precious metals
are supported on Ce0.8Zr0.2O2 in the benchmark catalyst. In the perovskite-based
catalyst, noble metals were substituted into the B sites of perovskites
(LaFe0.57Co0.37Rh0.06O3 and LaFe0.57Co0.37Pd0.06O3). LaFexCoyPd1-x-yO3 structure
was preferred in perovskite-based catalyst formulation. Iron can increase oxygen
mobility within the perovskite structure and has good activity in NO reduction
reaction [110,112,113,251,253,274,276]. Because of these properties, iron was
used in Site B. Fe and Pd substituted catalysts provide complete NO conversion,
but N2 selectivity remains around 60% [251,274]. Therefore, Rh, which has high
performance in NO activation, NO dissociation and N2 selectivity in NO
conversion, was added to the catalyst structure [5,105,111]. The reason for the
substitution of cobalt to the B site is that it can hold excess oxygen on the catalyst
surface and increase the surface oxidation reaction rates that conform to the
Langmuir–Hinshelwood mechanism [8,11,185]. There are several reasons for the
substitution of palladium at site B; 1) Pd atoms accessible on the surface accelerate
oxygen exchange in many intermediate steps, 2) Pd accelerates bulk oxygen
mobility in the catalyst, 3) Pd prevents the formation of nitrates on the catalyst
surface, 4) Pd atoms accessible on the surface play an active role in the activation
of NO, CO and HC [18,34,274,283,64,87,102,142–144,245,253]. It is known that
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the A site is not directly involved in the reaction mechanism, instead, it is known
that oxygen deficiency can be created in the structure with the substitution of more
than one cation in A site [146,151,188,189]. Considering that the same effect can
be achieved by adding Fe cation to site B [8,146,251], it was preferred to use only
La cation in site A. The reason for La selection is that this cation provides an
effective thermal stabilization in reducing environments [188,230,231]. γ-Al2O3
has been used as a support material in both benchmark and perovskite-based
catalysts. γ-Al2O3 concentrations are 72.7% wt. in the benchmark and 45.3% wt. in
the perovskite-based catalyst. Inductively coupled plasma optical emission
spectroscopy (ICP-OES), Brunauer, Emmett and Teller (BET) surface area, X-Ray
diffraction, Transmission electron microscopy (TEM) energy-dispersive X-ray
spectroscopy (TEM-EDX), diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), and CO pulse chemisorption techniques were used to
determine the various physical and chemical changes that occurred within the
catalysts with hydrothermal aging as well as SO2 poisoning.

2.1

Objective of the Study

The objective of this study is to develop a three-way catalyst with high thermal
stability, promising SO2 poisoning resistance and performance comparable to
dispersed noble metal catalysts. Considering the aforementioned protocols and
standards, performance evaluation is done under oscillating stoichiometry and
1000 oC aging temperature is applied in this study. In addition, the catalysts are
tested by coating them on a monolith in order to approach severe mass transfer
limitations in real conditions.
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CHAPTER 3

3

3.1

EXPERIMENTAL

Materials

For promoter Cerium (III) nitrate hexahydrate (CeN3O9.6H2O) (Aldrich, 99%) and
Zirconyl nitrate hexahydrate (N2O7Zraq) (Fluka, % 27& Zr (gravimetric)),
Hydrogen peroxide (H2O2) (J.T. Baker, 30% v/v), ammonium hydroxide solution
(NH4OH) (Aldrich, 33% NH3) and iso-propanol (CH3CHOHCH3) (J.T. Baker) are
used. For pseudoboehmite aluminum-tri-sec-butoxide (ATSB) (Al(OC4H9)3)
(Aldrich, 97%) hydrochloric acid HCl (Aldrich, min 37%) are used. For perovskite
synthesis, Lanthanum(III) nitrate hexahydrate (La(NO3)3.6H2O) (Sigma-Aldrich,
%99.99), Cobalt(II) nitrate hexahydrate (Co(NO3)2.6H2O) (Sigma-Aldrich, %98),
Iron(III)

nitrate

Manganese(II)

nonahydrate

nitrate

hydrate

(Fe(NO3)3.9H2O)
(Mn(NO3)2.xH2O)

(Sigma-Aldrich,

%99.5),

(Sigma-Aldrich,

%97),

Palladium(II) nitrate hydrate (Pd(NO3)2.xH2O) (Sigma-Aldrich, ~40% Pd basis),
Rhodium(III) nitrate solution hydrate (Rh(NO3)2.xH2O) (Sigma-Aldrich, ~36% Rh
basis),

Ruthenium(III)

nitrosyl

nitrate

solution

in

dilute

nitric

acid

Ru(NO)(NO3)x(OH)y, x+y=3 (Sigma-Aldrich, ~1.5% Ru basis) are used as metal
nitrates.

3.2

Equipment

Rotary vacuum evaporator is used for vacuum drying of the slurries, (0-1000 rpm,
0-100 mbara, with temperature-controlled water bath, IKA Brand). Stirring is
carried out by laboratory stirrers, (0-2000 rpm, with temperature control, IKA
Brand). Normal drying is carried out in a laboratory oven, (RT to 250 oC, PID
controlled, Protherm Brand). Calcination is carried out inside a tubular reactor that
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has 38 mm inner diameter and up to 1200 oC temperature control range.

For the catalytic performance measurement, a dynamic catalytic test system is used
which is comprised of five mass flow controllers, an evaporator, two heated gas
transfer lines, a temperature-controlled quartz reactor, Mass Spectrometer (MS)
(Hiden HPR-20 Q/C), non-dispersive infrared CO Analyzer (Teledyne model
7600) and software. Five different Teledyne Hastings Instruments HFC202 model
mass flow controllers are assembled on the downstream of five different gas supply
cylinders. A fast-acting solenoid valve and a flow restrictor line is used to alternate
the oxygen content of the reaction environment. The solenoid valve is oscillated at
1 Hz and the downstream of the oscillating line is directly connected to the reactor
inlet. In order to enrich the water vapor composition of the gas mixture, nitrogen
stream is bubbled through a temperature-controlled water tank. In order to have
10% water vapor concentration both the flow rate and the temperature of the water
in the tank can be adjusted, but in most of the application water tank is kept at 55˚C
and nitrogen stream is kept constant. Five different gas streams are mixed in a
heated manifold and then transferred to the reactor through a heated line. Both the
manifold and the heated line operates at 110˚C. The quartz reactor having 80 cm
length is comprised of two different sections. The reaction gas is preheated in the
first section of the reactor which is actually a 30 cm long spiral quartz tubing. The
heated gas mixture reaches the second section of the reactor which is actually a
quartz chamber that contains a monolithic catalyst. The temperature of the reactor
is measured and controlled with the aid of a K-type thermocouple (with 3 mm
diameter and Inconel 600 shielding) which is immersed in a quartz well that
touches the top of the monolith consequently. The reactor temperature is controlled
by the feedback system to which this thermocouple is connected. The measurement
accuracy of the thermocouple is ±1 oC degree for 100-1200 oC range. The control
system can keep the reactor temperature constant with deviations in the ±0.5 oC
band from the set value. The reactor is designed for monolithic catalysts having 22
mm diameter and 13 mm diameter.
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3.3

Catalyst Preparation

Perovskite based catalyst preparation consists of five sections which are OSC
powder production, pseudoboehmite production, perovskite production, washcoat
production and monolith coating. On the other hand, in the dispersed metal-based
catalyst preparation process, there is a metal impregnation process instead of
perovskite production. Only general synthesis route for catalyst preparation is
explained in this section. The detailed catalyst synthesis procedure is shown in
Appendix A.

3.3.1

Preparation of Oxygen Storage Powder

A co-precipitation technique was used for the synthesis of Ce0.8Zr0.2O2 powder
[284]. Nitrate forms of cerium (Ce) and zirconium (Zr) were mixed in distilled
water with a Ce:Zr atomic ratio of 4:1. Hydrogen peroxide (H2O2) was then added
to water in a volume ratio of 1:3. The mixture was poured into an excess ammonium
hydroxide solution (NH4OH, Aldrich, 33% NH3). The solution was kept for 2 days
in order to achieve a complete precipitation. Product was dried at 150°C for 12 h
and finely ground. It was further calcined in the oven with dry air at 600°C for 5h.

3.3.2

Preparation of Pseudoboehmite

Pseudoboehmite was used as a binder material in the wash coating slurry. In the
work of Nguefack (2003), the sol-gel method was used to synthesize
pseudoboehmite [285]. Aluminum-tri-sec-butoxide (ATSB) was first hydrolyzed
and then condensed with the addition of hydrochloric acid (HCl). The obtained gel
was dried at 150°C for 12 h and then calcined at 300°C for 5 h, under dry airflow.
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3.3.3

Impregnation of Metal

Palladium and rhodium are used as noble metals. Palladium (II) chloride solution
(Aldrich, PdCl2, 5 wt% solution in 10 wt% HCl) and Rhodium (III) nitrate solution
(Aldrich, Rh(NO3)3 ~ 10 wt% Rh in 5 wt% nitric acid (HNO3) are the precursors
for the noble metals. Depending on the desired nominal loading of the noble metal
in the final recipe, (0.65wt.% for Pd, and 0.1 wt.% for Rh were chosen) the noble
metal is weighed. The weighed metal is dissolved in water and the amount of water
is determined according to the water hold capacity of the sample that is going to be
impregnated, 1.5 times of the water hold capacity is used in this work. Prior to the
impregnation process, the noble metal solution is mixed in a rotary vacuum
evaporator flask for half an hour. Then, the solid material is added to the flask,
rotational speed is set to 130 rpm, pressure is set to 450 mbar and temperature is
set to 80˚C. The sample is mixed until all the water in the flask evaporates. Then
drying at 150˚C for 12 h is carried out. Finally, the sample is calcined at 550˚C for
1 h under excess air flow.

3.3.4

Preparation of Perovskite Powders

Sol-gel citrate complexation method was used to prepare perovskite catalysts. This
method is suitable for the production of pure single phases without any
contaminations caused by impurities [146]. Compared to other solid-solid mixture
production techniques, lower calcination temperatures are required in sol-gel
technique, as a result perovskite obtained experience a lesser extent of sintering
and have a higher specific surface area. Moreover, sol-gel technique allows
homogenous mixing of precursors which results in the formation of homogenous
perovskite [286]. The reactions taking place between precursor metals and citric
acid are all exothermic and the generated heat during reactions helps the formation
of the perovskite crystallites to a certain extent [160].
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In the sol-gel citrate complexation technique, nitrate salts of precursors are
dissolved in deionized water. The same amount of citric acid in the coordination
number basis of metal ions is added to the solution in order to replace the nitrates
located in metal coordinates with citrates. This step is called as citrate complexation
and lasts until a spongy material is obtained. Finally, the obtained material is
grounded and calcined under excess air flow [15,161].

LaFe0.6Co0.4O3,

LaFe0.57Co0.37Pd0.06O3,

LaFe0.57Co0.37Ru0.06O3,

LaFe0.57Co0.37Mn0.06O3, LaFe0.57Co0.37Rh0.06O3 will be used as a candidate for
active perovskite and their synthesis route is explained here. The reasons for
choosing these catalyst formulations are described in a literature review section.
The nitrate salts of metals are first dissolved in deionized water. Lanthanum(III)
nitrate

hexahydrate

(La(NO3)3.6H2O),

Cobalt(II)

nitrate

hexahydrate

(Co(NO3)2.6H2O), Iron(III) nitrate nonahydrate (Fe(NO3)3.9H2O), Manganese(II)
nitrate hydrate (Mn(NO3)2.xH2O), Palladium(II) nitrate hydrate (Pd(NO3)2.xH2O),
Rhodium(III) nitrate solution hydrate (Rh(NO3)2.xH2O), Ruthenium(III) nitrosyl
nitrate solution in dilute nitric acid Ru(NO)(NO3)x(OH)y, x+y=3 are used as metal
nitrate salts. The desired amount of citric acid is separately dissolved in the same
amount of distilled water as used in precursor solution and then added to the
precursor solution under vigorous stirring. The desired amount of promoter is also
added into the final solution. Then, the solution is stirred at 60 oC until the viscous
gel is obtained. Further drying process at 100 oC for 5h is also applied to obtain a
spongy material. Finally, the calcination is applied at 700 oC for 5 h [211].

3.3.5

Preparation of Washcoating Slurry

Two different catalyst type were prepared. The first type was perovskite free TWC
catalyst. This catalyst was for benchmark purposes. Second type catalysts were
perovskite containing catalyst. In this section synthesis route of both catalyst type
will be explained.
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3.3.5.1

Preparation of Washcoating Slurry for Perovskite Free Catalyst

This procedure has been adapted from the work of Nijhuis et. al. [287]. Gamma
phase aluminum oxide (AO) (γ-Al2O3) and impregnated promoter are mixed within
a flask in which weight percentage of the Ce is 19. Then, the solid solution is
weighed and deionized water is added by 2/3 of weight solid solution. After that,
3mm diameter alumina balls are placed in the flask for the milling process. The
slurry is milled on an orbital shaker for 48 hours at 275 rpm. Then drying at 150˚C
for 12 h and calcination at 550 ˚C for 1 hr processes are followed. In order to
improve interparticle adhesion between AO and particles that tend to ionize at
elevated temperatures pseudoboehmite should be added into washcoat slurry.
Therefore, obtained powder is mixed with pseudoboehmite and water again for the
milling process. Added pseudoboehmite is one tenth of AO by the weight and water
is again 2/3 by the weight of the solid solution. This time two stage of milling is
applied, firstly 2 hours of milling is applied. Before second stage of milling, nitric
acid (Merck, 65% HNO3) is added to the solution until the pH of the solution
reaches to 1. The second stage of milling is carried out for 6 hours.

3.3.5.2

Preparation of Washcoating Slurry for Perovskite Containing
Catalyst

This procedure has been adapted from the work of Nijhuis et. al. [287]. Gamma
phase aluminum oxide (AO) (γ-Al2O3) and perovskite-promoter mixed solid is
mixed within a flask in which weight percentage of the Ce is 19. Here in this recipe
AO weight percentage in total solid concentration is not constant as in the case of
the benchmark catalyst, but it changes according to the perovskite (noble metal)
loading. For 20 g/ft3, 10 g/ft3 and 2 g/ft3 nominal loading AO weight percentage are
39%, 53% and 65%, respectively. The same procedure is applied for perovskite
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containing catalyst, but the addition of pseudoboehmite which is dependent to AO
content is also altered accordingly.

3.3.6

Monolith Coating

Cordierite monoliths that have 22 mm outer diameter, 13 mm length and 400
cells/in2 cell density are used in this study. The monolith coating process starts with
drying at 150˚C for 30 min. The dried monoliths are weighed to record bare weight,
which will be helpful for uptake calculation. Then, monolith is dipped into the
washcoat slurry and rotated upside down for 1 minute. After that, the monoliths is
removed from the slurry and blocked channels of it is cleaned from the excess
coating material via a pressurized air blow. After cleaning the excess washcoat the
monolith is weighed again and checked whether or not wet basis weight change
after coating process is in between 0.70 to 0.85 g. The coating process is repeated
until the wet basis weight change reaches the desired level. Once coated properly,
the monolith is dried. If the loading amount is appropriate, monoliths are firstly
dried at 150 ˚C for 1 hour and calcined at 500 ˚C for 3 h [149]. The final product is
weighed and weight change on the dry basis is recorded, which is helpful for noble
metal loading calculation.

3.4

Catalyst Characterization

The washcoat used in monolith coating has also been used for characterization.
Namely, the same drying and calcination processes to which the monolith was
exposed were applied to the washcoat to be used for characterization, and a powder
catalyst sample was obtained for characterization with this method. Prepared
powder catalysts are characterized with XRD, ICP-OES, BET, TEM-EDX,
DRIFTS and Pulse Chemisorption techniques. X-ray diffractometer is operated at
2 degrees/min scan speed with Cu radiation at 40 kV and 40 mA power. Crystal
structure, crystal phases and the crystallite are detected with this technique.
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Inductively coupled plasma-optical emission spectrometry (Perkin Elmer DRC II)
is used to analyze the noble metal content present in the dried and calcined
washcoat powder, which is required for the calculation of the actual noble metal
loading on monolith. BET surface area of a powder catalyst is obtained from the
nitrogen adsorption isotherm at 77 K in a Quantachrome Corporation, Autosorb-6
analyzer. All the powder samples are degassed to 10−4 Torr prior to measurements.
EDX spectra and palladium particle growth of powder catalysts are obtained in a
JEOL JEM 2100F HRTEM microscope. Perkin Elmer Spectrum One FTIR
analyzer with DRIFTS attachment is used to investigate the formation of different
phases after SO2 poisoning. Finally, CO pulse chemisorption experiments are
conducted via custom build test setup equipped with Sihamdzu MGS4 Gas Sampler
and Hiden Analytical HPR 20 Mass Spectrometer (shown in Figure 3.1). The
pulsed chemisorption is carried out within a micro reactor that has 6 mm outer
diameter and 4 mm inner diameter. Samples, roughly 100 mg, are weighed
accurately. Oxygen (Linde, %99.995) is fed to the micro reactor, kept 300 oC, at
70 ml/min flow rate, for 1 hour. After that, the sample is cooled down to room
temperature under the helium flow. Then, the reactor is heated to 400 oC with 10
o

C/min ramp rate and kept at that temperature under reduction gas flow (5 %H2/He

(Linde, %99.995)) at 70 mL/min. The reduction step is followed by helium flushing
for 2 hours at 400 oC. Before chemisorption pulses, the sample is left to cool down
to room temperature within helium atmosphere. 2 ml of sorption gas (2900 ppm
CO in He (Air Liquide, %99.0), balance He (Linde, %99.995) are pulsed until the
area of the peaks obtained began to be equal.
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Figure 3.1 CO Pulse Chemisorption setup

Catalyst loading on the monolith is also recorded. As shown in Table B. 1, weight
change after loading is recorded for each monolith and noble metal loading is
calculated accordingly. Each monolith holds 4.75 ±0.10 g solid catalyst.
Theoretical noble metal loading for catalysts is approximately 20.0 ±1.0 g/ft3.

3.5

Catalyst Activity Test System

Schematic of the performance test system is shown in the Figure 3.2. Mass flow
controllers are used to blend a gas mixture that simulates the engine exhaust.
Calibration procedure for mass flow controllers is explained in Appendix C. The
composition and other operational parameters of performance test are given in
Table 3.1. Oxygen concentration is oscillated between 5800 to 9400 ppm at 1 Hertz
frequency via a fast-acting solenoid valve. A heated line operating at 110 oC is used
to transfer the upstream gas mixture at 50000 h-1 space velocity to the quartz
reactor. As it enters the quartz reactor it is firstly heated through a preheating
section before reaching the monolithic catalyst sample with a 22 mm diameter and
13 mm length. The downstream gas of the catalytic reactor is sampled via hot zone
sampling. The concentration of the sampled gas is analyzed with a mass
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spectrometer and an infrared CO analyzer. The calibration procedure for mass
spectrometer is explained in Appendix D. Real time concentration and temperature
data are acquired by data acquisition software. A typical test starts by programmed
a temperature increase from 150 oC to 600 oC at a rate of 5 oC/ min. Once 600 oC
temperature is reached the reactor is left to natural cooling. Acquired data during
the cooling period are used to report light-off temperature.

Heated Line: @ 110 oC
Thermocouple
Heated Zone
@ 30-70 oC

MFC5

N2 Stream

NDIR
CO Analyzer

O2 Pulse

Sample
Conditioner

MFC4
Catalyst

Hot Zone S ampl ing

MFC3
Humidifier

MFC2

Mass
Spectrometer

Electric
Heater

Gas Mixture

MFC1

Heated Line: @ 110 oC

Figure 3.2. Schematic representation of TWC performance test system.

Table 3.1 Operational Parameters for Performance Test System
Performance Test Conditions
C3H6

370 ppm

C3H8

120 ppm

CO

10000 ppm

H2

2310 ppm

CO2

10.000 %

NO

1500 ppm

SO2

0.000/20 ppm

O2

5800-9400 ppm

H2O

10 %
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Table 3.1 (cont’d)
N2

Balance

Temperature

600 oC to r.t. by natural cooling

GHSV

50000 h-1

3.5.1

Catalyst Aging

Produced catalysts are aged under a wet air stream (1:10 water:air, mol/mol). The
volumetric flow rate of air is set to 2240 ml/min and the liquid water flow rate is
set to 0.18 ml/min. GHSV is kept at 50000 h-1 which is equal to activity test
conditions. As illustrated in the Figure 3.3, the monolithic catalyst sample is
installed in a quartz reactor having 22 mm diameter. The tubular reactor is operated
vertically and the flow is directed from up to down, as in the activity test system.
Temperature reading is obtained inside the reactor just over the catalyst and
temperature control is managed according to this reading. Catalysts are aged at
1000oC for 3 hours. The tubular furnace is heated at a rate of 5 oC/min and after
aging is completed the wet air flow is stopped and the reactor cools down naturally.
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Figure 3.3. Catalyst aging system.

3.5.2

SO2 Poisoning of Catalysts

Both monolithic and powder catalysts are poisoned under reaction conditions
shown in Table 3.1 with 20ppm SO2 inclusion to upstream gas mixture. The
volumetric flow rate of air is set to 2240 ml/min and the GHSV is kept at 50000 h1

. Poisoning starts by programmed a temperature increase from 150 oC to 600 oC at

a rate of 5 oC/ min. Once 600 oC temperature is reached the reactor is hold at that
temperature for three hours and then left to natural cooling. In order to investigate
the effect of poisoning, treated catalyst again subjected to the standard test
procedure without any SO2 presence in reactant mixture. The detailed calculations
for catalytic performance evaluation are presented in Appendix E.
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CHAPTER 4

4

4.1

RESULTS AND DISCUSSION

Catalysts Tested in the Study

The catalytic performances of four (C1-C4) different catalysts are reported in this
study. Their dry-based nominal compositions and actual noble metal loadings are
summarized in Table 4.1 The details of calculation for actual noble metal loading
is shown in Appendix B. The benchmark catalyst, C1, is chosen due to its
promising fresh, thermally aged and SO2 poisoned performances obtained in the
study conducted in our laboratory previously [282]. C1 catalyst is produced by
following the same procedure used in the aforementioned study, the procedure is
given in the Appendix A. C1 catalyst, wash-coated on a cordierite monolith, is
comprised of dispersed noble metals impregnated on Ce0.8Zr0.2O2 and γ-Al2O3.
Palladium and rhodium are used as noble metals with nominal loadings of 0.65%
wt. and 0.1% wt., respectively. C2 is the novel catalyst that contains perovskite as
active material. It is wash-coated on a cordierite monolith and comprised of
LaFe0.57Co0.37Pd0.06O3, LaFe0.57Co0.37Rh0.06O3, Ce0.8Zr0.2O2 and γ-Al2O3. C2 also
contains 0.10% wt. rhodium and 0.65% wt. palladium, nominally but unlike C1
these metals are located in perovskite structure. C3 and C4 are produced for the
investigation of the noble metal decrease on the TWC performance of the
perovskite-based catalyst C2.
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Table 4.1. Nominal dry based composition of the catalysts studied.

Ce0.8Zr0.2O2

Al2O3

Perovskite

Rh

Pd

(wt. %)

(wt. %)

(wt. %)

(wt. %)

(wt. %)

Actual
NM
Loading
(g/ft3)

C1

27.300

71.950

0.000

0.100

0.650

20.165

C2

27.300

42.650

29.300

0.100

0.650

20.332

C3

27.300

57.675

14.650

0.050

0.325

10.383

C4

27.300

69.695

2.930

0.010

0.065

2.038

Catalytic performance of each fresh catalyst is tested in the dynamic test system.
In order to evaluate the performance of a catalyst, %50 (T50) conversion
temperatures of H2, CO, O2, C3H6 C3H8 and NO (i.e., light-off temperature) are
used as the performance indicators. In order to eliminate temperature irregularities
during heating period of reactor, only the data during cooling period, which
happens by natural convection, are reported. Moreover, in order to ensure
repeatability, each catalyst is tested at least three times. The detailed S curves for
cooling period of catalytic performance tests is presented in Appendix F and
Appendix G.

In addition to fresh performance tests, all of four catalysts are further investigated
on their resistances towards hydrothermal aging and SO2 poisoning. The changes
in the activities of the catalysts after thermal and chemical aging are compared.
Obtained performance change characteristics are tried to be explained via
characterizations techniques such as XRD, BET, ICP-OES, TEM-EDX, DRIFTSFTIR and pulse chemisorption.
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4.2

Performance and Durability Comparison of C1 and C2 Catalysts

Catalysts not subjected to any thermal or chemical aging will be referred to as
"fresh catalyst" in this study. The performance achieved with fresh catalyst will be
referred to as "fresh performance". Fresh performance comparisons of C1 and C2
catalysts are presented in Figure 4.1. Performances obtained for H2 and C3H6
conversions were quite similar, but C1 showed 32 °C, 13 °C, and 29 °C better lightoff temperatures for CO, C3H8, and NO conversions, respectively. The S curves of
fresh C1 catalyst are shown in Appendix G in Figures G1-G5. The catalyst was
able to perform H2 and CO conversions at low temperatures. All of the H2 is
oxidized at about 250 oC. A break in the NO conversion curve is observed at
temperatures between 180-230 oC, where the H2 concentration decreases rapidly
(Figure G 2 and Figure G 5). This break, apparent at temperatures between 180230 oC, has been evaluated as evidence that the H2-CO SCR reaction contributes
to the NO conversion at low temperatures (equations 5, 16-25). Similarly, a break
in NO conversion was also detected between 280-330 oC. This was seen as proof
that the CO-NO SCR reaction took place (equations 3, 9-15). The almost cessation
of NO conversion from 280 oC to 330 oC, when the CO is completely depleted,
showed that the CO-NO SCR reaction was the dominant reaction in the NO
conversion. When the conversion curves of C2 catalyst are examined (Figure G6G10), it was determined that NO conversion starts at 180 oC. At temperatures where
the conversion rate of NO gradually increases (approaching the light-off), the
depletion of H2 happened. This has prevented us from understanding how much the
H2-NO SCR reaction plays with the C2 catalyst. However, the depletion of CO (at
300 oC) stopped the NO conversion completely, and even the conversion gradually
decreased, up to 400 oC (Figure G. 10). The resumption of NO conversion above
400 oC was interpreted as the activation of intrafacial mechanisms (mechanisms
similar to Mars and Van Krevelen) on the perovskite catalyst [8,138,143,212].
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Figure 4.1 Fresh performance comparison of C1 and C2 catalysts.

Once they were hydrothermally aged, the C3H8 and NO conversion performances
of C1 catalysts were affected dramatically, as shown in Figure 4.2. The aged C1
catalyst converted 40% and 20% of C3H8 and NO at 600°C, respectively (Figure
G. 24 and G. 25). On the other hand, C2 highly preserved its performance upon
aging with a 67°C and 32°C increase in light-off temperature for C3H8 and NO,
respectively. Here, the increase in the depletion of CO to 400 oC has similarly
shifted the reduction and re-increase of the NO conversion to higher temperatures.
Although both of the catalysts showed performance losses after aging, the
benchmark catalyst C1 showed a more severe performance decrease.
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Figure 4.2. Performance comparison of hydrothermally aged C1 and C2 catalysts.

The catalyst samples required for characterization were not collected by scraping off
the monolith, instead washcoat catalyst powders were produced, which were
exposed to the same conditions as the monolithic catalyst. Noble metal concentration
values obtained by ICP-OES analysis of the fresh and hydrothermally aged C1 and
C2 catalysts are presented in Table 4.2. The results revealed that the noble metal
concentrations were consistent with their corresponding nominal compositions and
did not change with hydrothermal aging. This shows that the decrease in activity was
not related to loss of noble metal content but was rather related to morphological and
electronic changes that took place.
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Table 4.2. ICP-OES analysis: measured noble metal concentrations of fresh and
aged catalysts.

Measured Concentration
wt. %

Catalyst
Pd

Rh

C1-Fresh

0.65 ± 0.01

0.103 ± 0.003

C1-Aged

0.65 ± 0.01

0.104 ± 0.003

C2- Fresh

0.65 ± 0.01

0.101 ± 0.003

C2-Aged

0.65 ± 0.01

0.102 ± 0.003

BET surface areas, average pore volumes, and average pore diameters for fresh and
aged catalysts are presented in Table 4.3. The results indicate that textural
properties of both catalysts were damaged considerably with hydrothermal aging.
The losses in surface areas (53% for C1 and 46% for C2) and pore volumes (60%
for C1 and 54% for C2), together with the increases in pore diameter were evidence
for the collapse of the smallest pores available in the structure. The close textural
changes after thermal aging in both catalysts, and the inability of the C1 catalyst to
maintain its activity to the same extent indicates that the activity was not directly
related to textural changes.
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Table 4.3. Textural properties of fresh and hydrothermally aged catalysts.

BET Surface

Average Pore

Average Pore

Area

Volume

Diameter

m2/g

cc/g

Å

C1-Fresh

51

0.15

31

C1-Aged

24

0.06

67

C2- Fresh

58

0.28

14

C2-Aged

31

0.13

28

Catalyst

Figure 4.3 shows the XRD patterns of the fresh and aged C1 catalyst. γ-Al2O3 and
Ce0.8Zr0.2O2 diffraction peaks were clearly detected in fresh C1 sample. Apart from
γ-Al2O3 and Ce0.8Zr0.2O2 peaks, no palladium or rhodium peaks were observed due
to low loading. After aging the sample, peaks grew sharper and delta-Al2O3 peaks
appeared. The average crystallite size, calculated by Scherrer equation, increased
from 2.9 nm (2θ = 37.01o, FWHM= 3.0o, λ= 1.54 Å) to 9.0 nm (2θ = 37.01o,
FWHM= 0.97o, λ= 1.54 Å) and from 5.90 nm (2θ = 28.86o, FWHM= 1.52o, λ= 1.54
Å) to 35.6 nm (2θ = 28.86o, FWHM= 0.241o, λ= 1.54 Å) for γ-Al2O3 and
Ce0.8Zr0.2O2, respectively. Figure 4.4 shows the patterns of the C2 catalyst. In
addition to γ-Al2O3 and Ce0.8Zr0.2O2 diffraction peaks, LaFexCo1-xO3 peaks were
also detected for the fresh catalysts. Similarly, sharper peak growth and delta-Al2O3
phase formations were observed for the C2 catalyst sample. The average crystallite
size increased from 22.90 (2θ = 22.86o, FWHM= 0.37o, λ= 1.54 Å) nm to 40.20 nm
(2θ = 22.86o, FWHM= 0.21o, λ= 1.54 Å), from 4.60 nm (2θ = 41.01o, FWHM=
1.9o, λ= 1.54 Å) to 19.10 nm (2θ = 37.01o, FWHM= 0.46o, λ= 1.54 Å), and from
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6.50 nm (2θ = 28.86o, FWHM= 1.32o, λ= 1.54 Å) to 27.40 nm (2θ = 28.86o,
FWHM= 0.31o, λ= 1.54 Å) for LaFe0.6Co0.4O3, Al2O3, and Ce0.8Zr0.2O2,
respectively. Figure 4.5 shows the XRD patterns of LaCoO3, LaFe0.6Co0.4O3 and
LaFe0.57Co0.37Pd0.06O3 structures. By adding iron to the LaCoO3 structure (PDF
card no: 01-0186-1662), LaFe0.6Co0.4O3 (PDF card no: 01-073-2814) shifted the 2θ
peak from 32.98o to 32.72o. The reason for this is that the ionic radii of Fe+3 is
larger than that of Co+3 and the lattice expands accordingly. Similarly, adding
palladium to the LaFe0.6Co0.4O3 structure also had the same effect on lattice
expansion and the apparent 2θ peak at 32.72o shifted to 32.60o. These data are
accepted as evidence of palladium inclusion into the perovskite structure.

Figure 4.3. XRD pattern of fresh and aged C1 catalyst. (a: Ce0.8Zr0.2O2 b: γ-Al2O3
c: delta-Al2O3)
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Figure 4.4. XRD pattern of fresh and aged C2 catalyst. (a: LaFe0.57Co0.37Pd0.06O3 b:
Ce0.8Zr0.2O2 c: γ-Al2O3)
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Figure 4.5 XRD patterns of LaCoO3, LaFe0.6Co0.4O3 and LaFe0.57Co0.37Pd0.06O3
structures.

The TEM-EDX results for fresh and aged samples are shown in Figure 4.6-9. The
crystallite size growth during the aging process was also evident in TEM images
of both C1 and C2 catalyst samples, which was also in agreement with the BET
and XRD characterization results. The beam was focused on small crystallites with
spherical shape and weakly attached over surface that resemble Pd particles, and
ten scans sampling of the sample were performed with EDX. Palladium peaks were
observed for both fresh and aged C1 catalyst samples, as shown in Figure 4.6 and
Figure 4.7. In contrast, no Pd peak was found in the EDX scan of the perovskite
catalyst. The possibility that palladium atoms were not found in clusters was
thought to be the reason for this, Figure 4.8-9.

72

Figure 4.6. TEM Image and EDX pattern for the marked point for fresh C1
catalyst.

Figure 4.7. TEM Image and EDX pattern for the marked point for hydrothermally
aged C1 catalyst.
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Figure 4.8. TEM Image and EDX pattern for the marked point for fresh C2
catalyst.

Figure 4.9. TEM Image and EDX pattern for the marked point for hydrothermally
aged C2 catalyst.

The effects of SO2 poisoning on the C1 and C2 catalysts are shown in Figure 4.10.
Light-off temperature increase after SO2 poisoning of C1 were measured as 35°C,
55°C, 26°C, 150°C and 35°C for H2, CO, C3H6, C3H8, and NO, respectively. On
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the other hand, the light off temperature increase for C2 were measured as 38°C,
50°C, 5°C, 67°C, and 9°C for H2, CO, C3H6, C3H8, and NO, respectively. The C1
catalyst was affected more severely, especially for C3H6, C3H8 and NO conversions

440

compared to C2 catalyst.

240

250

269

280

253

241

300

238

T50 (oC)

400

245

370

500

200
100
0
H₂

C₃H₆

CO
C1

C₃H₈
C2

NO

Figure 4.10. Performance comparison of SO2 poisoned C1 and C2 catalysts.

To investigate the changes in the active sites after heat treatment and SO2 exposure,
CO pulse chemisorption experiments were carried out. With this method, the CO
uptake capacity, the number of CO moles sorbed by gram of catalyst, is determined
and this value is used as an indicator for the accessible active sites of the catalyst.
The pulse chemisorption graph of each catalyst is presented in Figure 4.11-a-f), in
which the area under each peak indicates the amount of CO that cannot be sorbed
by the catalyst. According to the sorption dynamics, the first seven pulses were
adsorbed by fresh C1 catalyst (Figure 4.11-a), with total sorption of the first five
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pulses. For aged C1 only partial sorption of the first pulse (Figure 4.11-b) and SO2poisoned C1 catalysts, only partial sorption of the first and earliest three pulses
(Figure 4.11-c) were observed. The fresh C2 catalyst sample adsorbed the first six
pulses, with only the first pulse adsorbed totally (Figure 4.11-d). The sorption of
the first four pulses was recorded for aged and poisoned C2 catalyst samples, with
total sorption only in the first pulses (Figure 4.11-e and f).

Figure 4.11. CO pulse chemisorption graph of fresh C1 (a), hydrothermally aged
C1 (b), SO2 poisoned C1 (c), fresh C2 (d), hydrothermally aged C2 (e), SO2
poisoned C2 (f) catalyst samples.
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The changes in the CO uptake capacities of C1 and C2 catalysts after heat treatment
and SO2 exposure is shown in Table 4.4. On the assumption that CO molecules are
sorbed by Pd atoms in C1 catalyst, dispersion and average crystallite size of Pd
atoms were calculated in this catalyst. Accordingly, hydrothermal aging caused the
Pd crystallite size to grow from 3.4 nm to 28.1 nm. Instead of comparing dispersion
to understand the effect of poisoning with SO2, the active Pd surface area
comparison would be more realistic. Accordingly, with SO2 poisoning, the active
Pd surface area decreased from 0.9 (m2/g catalyst) to 0.4 (m2/g catalyst). As a result
of these changes in C1 catalyst, total CO uptake (mmol/g catalyst) decreased 85%
after aging and 60% after SO2 poisoning of C1 catalyst sample. The assumption
that CO molecules are only captured by Pd atoms in the C2 catalyst would not be
a realistic assumption because CO molecules can be captured by both Fe+2/+3 and
Co+2/+3 cations. Therefore, it was preferred to compare the changes in this catalyst
only on the CO uptake capacity. The fresh C2 catalyst sample showed 30 % less
CO uptake capacity compared to that of fresh C1 catalyst. However, aging did not
affect the CO uptake capacity of the C2 catalyst as it did in the case of C1 catalyst;
only a 25 % decrease in CO uptake was recorded. The CO pulse chemisorption
results were consistent with the performance tests, suggesting that the dispersed
metal catalyst was less resistant to thermal aging and poisoning.

Table 4.4. Total CO uptake for tested catalyst samples.

Uptake
Catalyst Sample

Fresh C1

(mmol

Active Pd

Avarage

Surface Area

%Dispersion

Pd

per g Catalyst

of Pd

Crystallite

CO/g cat)

(m2/g)

0.0112

0.9
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Size (nm)
27.6

3.4

Table 4.4 (cont’d)

Aged C1

0.0016

0.1

4.0

28.1

SO2 poisoned C1

0.0044

0.4

NA

NA

Fresh C2

0.0077

NA

NA

NA

Aged C2

0.0058

NA

NA

NA

SO2 poisoned C2

0.0040

NA

NA

NA

The DRIFTS-FTIR absorbance spectra of both for fresh and SO2 poisoned C1
catalyst samples are shown in Figure 4.12. At 1160–1200 cm-1, the formation of
bulk Al2(SO4)3 on the poisoned catalyst was detected. Due to low Pd loading, the
band at ~1435 cm-1, corresponding to v (S = O) of Pd-SO4 was not found. However,
together with aluminum sulfate formation, it is known that Al2O3 favors the
formation of PdSO4 via spillover of sorbed SOx to PdO surface [27,288]. It can be
assumed that other peaks are material-originated ones, as they existed in both
spectra, and band positions were not changed or affected by poisoning. The
formation of bulk aluminum sulfates and PdSO4 were due to reactions that took
place between Al2O3 (the porous support material) and SO2. Consequently, formed
bulk Al2(SO4)3 and inhibition of active sites were the main reasons for the activity
loss for the dispersed metallic catalyst.
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Figure 4.12. DRIFTS Absorbance Spectra for Fresh and SO2 Poisoned C1 catalyst
sample.

As shown in the DRIFTS-FTIR absorbance spectra of both for fresh and SO2
poisoned C2 catalyst in Figure 4.13, at 1160–1200 cm-1, the formation of bulk
Al2(SO4)3 on the poisoned catalyst was not detected [288–290]. On the other hand,
the bands at ~1635 cm-1 and 3000–3600 cm-1 indicated bulk FeSO4 formation
[291]. Moreover, the band at ~1435 cm-1 that corresponded to the v (S=O) of PdSO4 was not found. It can be inferred that SO2 attack was first focused on Fe atoms
within the perovskite structure before the Al2O3. Formation of bulk FeSO4 did not
affect the performance of perovskite-based catalyst dramatically which may also
mean the formation of PdSO4 did not take place in perovskite-based catalyst as in
the case of dispersed metallic catalyst.
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Figure 4.13. DRIFTS absorbance spectra for fresh and SO2-poisoned C2 catalyst
samples.

4.3

Effect of Noble Metal Loading on the Performance and Durability of
the Provskite-based Catalyst

As shown in Table 4.1, noble metal loading of both benchmark and perovskite
containing catalysts are 20g/ft3. It is also shown that the performance of benchmark
catalyst was completely lost after hydrothermal aging. On the other hand, the
performance of perovskite-based catalyst did not change significantly after
hydrothermal aging. Considering these findings, a new experiment set is planned
to investigate the effect of decreasing noble metal loading on the performance and
durability of perovskite-based catalyst. According to the new experiment plan, 50%
(10g/ft3 noble metal loading, catalyst code C3) and 10% (2g/ft3 noble metal loading
catalyst code C4) of initial noble loading were tested for their fresh, hydrothermally
aged and SO2 poisoned performances. Detailed synthesis procedures for C3 and C4
are given in the Appendix A.
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Fresh performance comparison of C1, C2, C3 and C4 are shown in Figure 4.14. It
can be observed that C2 and C3 has almost the same performance. So, decreasing
the noble metal loading from 20g/ft3 to 10g/ft3 did not change the performance of
perovskite containing catalyst. Decreasing noble metal loading from 20g/ft3 (C2)
to 2g/ft3 (C4) increased the 50% conversion temperature of C3H8 and NO by 40
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Figure 4.14. Fresh performance comparison of C1, C2, C3, C4 catalysts.

There were no dramatic differences between the fresh performances of C1, C2, C3
and C4 catalysts since complete conversion of all species were achieved.
Performance change of C3 and C4 upon hydrothermal aging at 1000 oC for 3 hours
and comparison of results to that of C1 and C2 is shown in Figure 4.15. It can be
observed that hydrothermal aging at 1000 oC for 3 hours could not differentiate the
performances of C2 and C3. In other words, perovskite containing catalyst having
10g/ft3 noble metal loading (C3) shows the same thermal resistance with perovskite
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containing catalyst having 20g/ft3 noble metal loading (C2). Perovskite containing
catalyst having 2g/ft3 noble metal loading (C4) did not completely loose its
performance as in the case of benchmark catalyst. That is the striking evidence for
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Figure 4.15. Performance comparison of C1, C2, C3, C4 catalysts after
hydrothermal aging.

Considering the performances after SO2 poisoning of four catalysts, shown in
Figure 4.16, it can be observed that all of the catalysts lose its performance after
SO2 exposure. As mentioned earlier all four catalysts were exposed to SO2 flow for
3 hours, under reaction conditions. However, performance decay of benchmark
catalyst (C1) for C3H8 conversion happened faster compared to that of perovskite
containing catalyst. For example, after poisoning, C4 showed 30 oC better 50%
conversion compared to C1. According to the results, the fresh performances of the
perovskite-based catalyst and the benchmark catalyst were close to each other, but
the perovskite-based catalyst was more resistant to hydrothermal aging and SO2
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poisoning Considering the developments of Tier 3 regulation forcing catalysts to
be exposed to higher temperature, the increase in precious metal prices, the almost
zero sulfur content in fuels; Reducing the content of precious metals in the catalyst
content and achieving thermal stabilization in parallel will be the subject of
widespread work in the TWC field in the coming years. As further studies, testing
and aging of the catalyst in real exhaust conditions should be considered.
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Figure 4.16. Performance comparison of C1, C2, C3, C4 catalysts after SO2
poisoning.
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CHAPTER 5

5

CONCLUSIONS

This study compared the three-way catalytic performance changes of the dispersed
palladium/rhodium and the perovskite-based palladium/rhodium catalysts after
hydrothermal aging and SO2 poisoning. Dispersed palladium/rhodium-based
catalyst, the benchmark catalyst or C1, is chosen due to its promising fresh,
thermally aged and SO2 poisoned performances obtained in the study conducted in
our

laboratory

previously.

C2

is

the

novel

catalyst

that

contains

LaFe0.57Co0.37Pd0.06O3 and LaFe0.57Co0.37Rh0.06O3 as active materials. Both C1 and
C2 contain 20g/ft3 nominal noble metal loading with 6.5 Pd/Rh wt./wt. ratio. C3
and C4 are also perovskite-based catalysts with the same active materials and
Pd/Rh wt./wt. ratio. But, nominal noble metal loadings of C2 and C3 are 10g/ft3
and 2g/ft3, respectively. Comparing the fresh performances of C1 and C2 catalysts,
50% conversion temperatures obtained with C1 were 32, 2, 13, 29 oC lower for CO,
O2, C3H6, C3H8 and NO, respectively, showing C1 has slightly better fresh
performance.

Once they were hydrothermally aged, the C3H8 and NO conversion performances
of C1 catalysts were affected dramatically, such that, this catalyst was able to
convert only 40% and 20% of C3H8 and NO at 600°C, respectively. On the other
hand, C2 highly preserved its performance upon aging with a 67°C and 32°C
increase in light-off temperature for C3H8 and NO, respectively. Although both of
the catalysts showed performance losses after aging, the benchmark catalyst C1
showed a more severe performance decrease. According to the precious metal
determination test with ICP-OES, it was understood that hydrothermal aging did
not cause a decrease in the precious metal content, and the loss of performance was
not related to the reduction of the precious metal amount. XRD revealed that,
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adding palladium to the LaFe0.6Co0.4O3 structure brought about lattice expansion
due to lager ionic radii of Pd+2 and the apparent 2θ peak at 32.72o shifted to 32.60o.
These data were accepted as evidence of palladium inclusion into the perovskite
structure. Considering the BET and XRD characterization results, it was confirmed
that hydrothermal aging caused growth in crystallite sizes in both catalysts.
Considering that the bulk textural properties are closely affected in the two
catalysts, the loss of activity was found to be related to active sites.

TEM images also showed that hydrothermal aging caused growths in the bulk
crystal chunks and clusters. This finding agrees with the BET and XRD findings.
EDX analysis obtained via focusing beam on small crystallites with spherical shape
and weakly attached over surface that resemble Pd particles, showed palladium
peaks for both fresh and aged C1 catalyst samples. In parallel, CO pulse
chemisorption revealed hydrothermal aging caused the Pd crystallite size to grow
from 3.4 nm to 28.1 nm in C1 catalyst. On the other hand, Pd peak could not be
observed for either fresh or aged C2 catalyst samples, which showed that Pd atoms
took place in the perovskite lattice and did not sinter with hydrothermal aging. In
addition, hydrothermal aging caused 85% of the CO uptake capacity loss in the
dispersed metallic catalyst, which was only 30% in the perovskite-based catalyst.

Comparing the performance of fresh and SO2 poisoned benchmark catalyst, 50%
conversion temperatures were increased 34, 53, 61, 24, 140 and 31 oC for H2, CO,
O2, C3H6, C3H8 and NO, respectively, due to poisoning. On the other hand, for the
performance of fresh and SO2 poisoned perovskite containing catalyst, 50%
conversion temperatures were increased 38, 50, 39, 5, 67 and 11 oC for H2, CO, O2,
C3H6, C3H8 and NO, respectively, due to poisoning. It can be observed that
benchmark catalyst was affected more severely especially for C3H6, C3H8 and NO
conversions compared to C2 catalyst. Exposure to 20ppm SO2 in the reactant
mixture, especially under water vapor atmosphere gave rise to deactivation on both
catalysts, but more severe deactivation was observed on the dispersed metallic-
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based catalyst than the perovskite-based catalyst. Formation of aluminum sulfates
in the dispersed metallic-based catalyst was also considered as an evidence for
PdSO4 formation, which also meant that the pore blockage and active site inhibition
took place in this catalyst. On the other hand, only bulk FeSO4 formation but no
evidence of aluminum sulfate formation together with lesser extent of CO uptake
capacity loss in perovskite-based catalyst can be attributed to the better poisoning
resistance of this catalyst.
10g/ft3 noble metal loaded perovskite-based catalyst, C3, and 2g/ft3 noble metal
loaded perovskite-based catalyst, C4, were tested for their fresh, hydrothermally
aged and SO2 poisoned performances. Considering the fresh performances,
decreasing the noble metal loading from 20g/ft3 to 10g/ft3 did not affect the H2,
CO, O2, C3H6, C3H8 and NO conversions. Decreasing noble metal loading from
20g/ft3 to 2g/ft3 increased the 50% conversion temperature of C3H8 and NO by 40
and 24

o

C, respectively, but this much low loading still had significant

performance. Even, 2g/ft3 palladium loaded perovskite catalyst showed better
performance compared to the benchmark catalyst after hydrothermal aging. So,
newly developed catalyst formulations containing perovskite structure was much
more thermally stable compared to doped benchmark catalyst. Perovskite
containing catalyst having 10g/ft3 palladium loading showed the same thermal
resistance with perovskite containing catalyst having 20g/ft3 palladium loading.
Considering the performances after SO2 poisoning, all four catalysts were affected
in a similar manner but only faster performance decay of benchmark catalyst (C1)
for C3H8 conversion was observed compared to that of perovskite containing
catalysts.

In summary, the perovskite-based catalyst showed satisfying thermal stability and
SO2 resistance under realistic conditions of gasoline powered engine exhaust where
severe mass transfer limitations and fluctuating stoichiometry take place. These
findings imply that perovskite-based catalysts can be a potential substitute of the
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dispersed metal-based three-way catalysts. Despite the precious metal reduction in
these catalysts, preserved performance and stability make them feasible to conduct
pilot-scale trials as the next phase.
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APPENDICES

APPENDIX A

CATALYST PREPARATION

A.1

Preparation of Ceria-Zirconia Oxide (Ce0.8Zr0.2O2)

Chemicals:
Cerium (III) nitrate hexahydrate
Zirconyl nitrate hexahydrate (N2O7Zraq) (Fluka, % 27& Zr (gravimetric)
Hydrogen peroxide (H2O2) (J.T. Baker, 30% v/v)
Ammonium hydroxide solution (NH4OH) (Aldrich, 33% NH3)
Iso-propanol (CH3CHOHCH3) (J.T. Baker)

Procedure:
1. Place 1lt deionized water in a beaker.
2. Tare 214.00 g of CeN3O9.6H2O and place it into water
3. Tare 41.80 g of N2O7Zr.aq and place it into water (solution 1)
4. Stir the solution 1 for 30 min with magnetic stirrer at 300rpm
5. Measure 333ml H2O2 and place it into a burette
6. Add H2O2 into solution 1 dropwise within 1 hour. (rate: 1drop/sec) During
this step stirring continues.
7. Measure 550ml of NH4OH solution and place it into 2 lt beaker.
8. Place solution 1 into a burette and add solution 1 into of NH4OH solution
dropwise. (Solution 2)
9. Obtained solution 2 is settled for 48 hours in order to collect precipitates.
10. Product of solution 2 is washed and filtered with excess CH3CHOHCH3
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11. The filtrate is mixed with 250ml CH3CHOHCH3 and placed into a reflux
setup and refluxed for 6 hours
12. Refluxed product is placed into an oven and dried at 150˚C for 12 h.
13. Dried powder is firstly grounded within a mortar
14. Obtained powder is placed into a furnace and calcined under dry air flow at
600˚C for 5 hr.

A.2

Preparation of Pseudoboehmite

Chemicals:
Aluminum-tri-sec-butoxide (ATSB) (Al(OC4H9)3) (Aldrich, 97%)
Hydrochloric acid HCl (Aldrich, min 37%)

Procedure:
1. 103.10 g of Al(OC4H9)3 hydrolyzed with 730 ml double distilled water.
2. 9.00 ml HCL is added to the beaker.
3. The mixture is stirred vigorously for 1 h while keeping at 80 ˚C.
4. Product as gel is dried at 150 ˚C for 48 h
The powder sample is grounded and calcined in the oven for at 300 ˚C for 5 h with
a heating rate of 5 ˚C/min

A.3

Metal Impregnation on Ceria-Zirconia Oxide

Chemicals:
Palladium (II) chloride solution (Aldrich, PdCl2, 5 wt% solution in 10 wt% HCl)
Rhodium (III) nitrate solution (Aldrich, Rh(NO3)3 ~ 10 wt% Rh in 5wt% nitric acid
(HNO3)

Procedure:
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1. Place 6ml deionized water in a beaker, measure 0.62 ml of Rh(NO3)3 and
place it into water. (Solution 1)

2. Place 6ml deionized water in a beaker, measure 3.25 ml of PdCl2 solutions
and place it into water (solution 2)
3. Place the solution 1 into a rotary evaporator and mix for 15 without heat or
vacuum at 130rpm
4. Tare 7.50 g Ce0.8Zr0.2O2 and place it into rotary evaporator to mix with
solution 1.
5. Operate the rotary evaporator at 80 oC under vacuum at ~450 mbar until all
the liquid evaporates.
6. Place the product into an oven and dried at 150˚C for 12 h (powder 1).
7. Place the solution 2 into a rotary evaporator and mix for 15 without heat or
vacuum at 130rpm
8. Tare 15 g Ce0.8Zr0.2O2 and place it into rotary evaporator to mix with
solution 2.
9. Operate the rotary evaporator at 80 oC under vacuum at ~450 mbar until all
the liquid evaporates.
10. Place the product into an oven and dried at 150˚C for 12 h (powder 2).
11. Dried powder 1 and powder 2 are mixed and grounded within a mortar.
12. Obtained powder is placed into a furnace and calcined under dry air at
500˚C flow for 3 hr.

A.4

Preparation of C1 Catalyst

Procedure:
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1. 15 g of metal impregnated ceria-zirconia mixed oxide and 36 g of γ-Al2O3
are mixed in 75.77 ml of deionized water and ball-milled with 3 mm
diameter alumina chips at 275 rpm for 24 hr in HDPE mortar.
2. Product is dried at 150˚C for 12 h, grounded and calcined at 550˚C for 1 h.
3. 3.6 g of pseudoboehmite is added and the mixture is solved in 81.09 ml
deionized water and ball-milled for 30 min at 275 rpm.
4. 3.67 ml of nitric acid is added and slurry is ball-milled at same speed for 3 h
(coating solution).
5. Monolith is dipped in to the coating solution and channels inside the
monolith is opened by pressurized dry air (dipping process).
6. Dipping process is repeated until weight change stabilization.
7. Coated monolith is dried at 150˚C for 12 h and calcined at 550˚C for 1 h.
8. Calcined monolith is tared and obtained data is recorded as weight change
of monolith on dry basis.

A.5

Preparation of LaFe0.57Co0.37Pd0.06O3

Chemicals:

Lanthanum (III) nitrate hexahydrate (La(NO3)3.6H2O), (Aldrich, 99.9%)
Cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O), (Aldrich, 98.0%)
Iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O), (Aldrich, 99.5%)
Palladium (II) nitrate hydrate (Pd(NO3)2.xH2O), (Aldrich, 99.9%)
Citric acid monohydrate, C₆H₈O₇ * H₂O (Merck, 99.5%)

Procedure:
1. Place 0.130g Pd(NO3)2 · 2H2O, 1.874g Fe(NO3)3.9H2O, 0.876g
Co(NO3)2*6H2O, 3.523g La(NO₃)₃ * 6 H₂O and 15ml deionized water in a
beaker (Solution 1).
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2. Stirr the solution 1 vigorously for 1 hour.
3. Place 10.3g C₆H₈O₇ * H₂O and 20 ml deionized water in a beaker (Solution
2).
4. Stir the solution 2 vigorously for 1 hour.
5. Pour solution 2 into solution 1 under vigorous stirring.
6. Stir the obtained solution for 72 hours until the water evaporates and a jelly
solution is obtained.
7. The product is placed into an oven and dried at 150˚C for 12 h.
8. Dried powder is firstly grounded within a mortar
9. Obtained powder is placed into a furnace and calcined under dry air flow at
700˚C for 24 hr.

A.6

Preparation of LaFe0.57Co0.37Rh0.06O3

Chemicals:

Lanthanum (III) nitrate hexahydrate (La(NO3)3.6H2O), (Aldrich, 99.9%)
Cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O), (Aldrich, 98.0%)
Iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O), (Aldrich, 99.5%)
Rhodium (III) nitrate solution hydrate (Rh(NO3)2.xH2O), (Aldrich, 99.9%)
Citric acid monohydrate, C₆H₈O₇ * H₂O (Merck, 99.5%)

Procedure:

1. Place

0.126g

(Rh(NO3)2.xH2O),

1.874g

Fe(NO3)3.9H2O,

0.876g

Co(NO3)2*6H2O, 3.523g La(NO₃)₃ * 6 H₂O and 15ml deionized water in a
beaker (Solution 1).
2. Stirr the solution 1 vigorously for 1 hour.
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3. Place 10.3g C₆H₈O₇ * H₂O and 20 ml deionized water in a beaker (Solution
2).
4. Stir the solution 2 vigorously for 1 hour.
5. Pour solution 2 into solution 1 under vigorous stirring.
6. Stir the obtained solution for 72 hours until the water evaporates and a jelly
solution is obtained.
7. The product is placed into an oven and dried at 150˚C for 12 h.
8. Dried powder is firstly grounded within a mortar
9. Obtained powder is placed into a furnace and calcined under dry air flow at
700˚C for 24 hr.

A.7

Preparation of C2 Catalyst

Procedure:

1) 1.27g LaFe0.57Co0.37Pd0.06O3, 0.19 LaFe0.57Co0.37Rh0.06O3, 1.38g
Ce0.8Zr0.2O2, 1.97g Al2O3 are mixed in 7.25 ml of deionized water and ballmilled with 3 mm diameter alumina chips at 275 rpm for 24 hr in HDPE
mortar.
2) Product is dried at 150˚C for 12 h, grounded and calcined at 550˚C for 1 h.
3) 3.6 g of pseudoboehmite is added and the mixture is solved in 81.09 ml
deionized water and ball-milled for 30 min at 275 rpm.
4) 3.67 ml of nitric acid is added and slurry is ball-milled at same speed for 3 h
(coating solution).
5) Monolith is dipped in to the coating solution and channels inside the
monolith is opened by pressurized dry air (dipping process).
6) Dipping process is repeated until weight change stabilization.
7) Coated monolith is dried at 150˚C for 12 h and calcined at 550˚C for 1 h.

120

8) Calcined monolith is tared and obtained data is recorded as weight change
of monolith on dry basis

A.8

Preparation of C3 Catalyst

Procedure:

1) 0.64g LaFe0.57Co0.37Pd0.06O3, 0.10 LaFe0.57Co0.37Rh0.06O3, 1.38g
Ce0.8Zr0.2O2, 2.70g Al2O3 are mixed in 7.25 ml of deionized water and ballmilled with 3 mm diameter alumina chips at 275 rpm for 24 hr in HDPE
mortar.
2) Product is dried at 150˚C for 12 h, grounded and calcined at 550˚C for 1 h.
3) 3.6 g of pseudoboehmite is added and the mixture is solved in 81.09 ml
deionized water and ball-milled for 30 min at 275 rpm.
4) 3.67 ml of nitric acid is added and slurry is ball-milled at same speed for 3 h
(coating solution).
5) Monolith is dipped in to the coating solution and channels inside the
monolith is opened by pressurized dry air (dipping process).
6) Dipping process is repeated until weight change stabilization.
7) Coated monolith is dried at 150˚C for 12 h and calcined at 550˚C for 1 h.
8) Calcined monolith is tared and obtained data is recorded as weight change
of monolith on dry basis.

A.9

Preparation of C4 Catalyst

Procedure:

1) 0.13g LaFe0.57Co0.37Pd0.06O3, 0.02 LaFe0.57Co0.37Rh0.06O3, 1.38g
Ce0.8Zr0.2O2, 3.29g Al2O3 are mixed in 7.25 ml of deionized water and ball-

121

milled with 3 mm diameter alumina chips at 275 rpm for 24 hr in HDPE
mortar.
2) Product is dried at 150˚C for 12 h, grounded and calcined at 550˚C for 1 h.
3) 3.6 g of pseudoboehmite is added and the mixture is solved in 81.09 ml
deionized water and ball-milled for 30 min at 275 rpm.
4) 3.67 ml of nitric acid is added and slurry is ball-milled at same speed for 3 h
(coating solution).
5) Monolith is dipped in to the coating solution and channels inside the
monolith is opened by pressurized dry air (dipping process).
6) Dipping process is repeated until weight change stabilization.
7) Coated monolith is dried at 150˚C for 12 h and calcined at 550˚C for 1 h.
8) Calcined monolith is tared and obtained data is recorded as weight change
of monolith on dry basis.
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APPENDIX B

NOBLE METAL LOADING CALCULATION
In order to calculate the noble metal loading of a certain catalyst the following
formula should be used:

𝐴𝐿 =

𝑊𝐶𝐷𝐵 ∗ (𝐶𝑅ℎ + 𝐶𝑃𝑑 )
100 ∗ 𝑉𝑚𝑜𝑛𝑜𝑙𝑖𝑡ℎ

Where,
AL is actual noble metal loading of a certain catalyst
WCDB is weight change of monolith after coating process on dry basis
CRh is the measured concentration of the rhodium by ICP-OES
CPd is the measured concentration of the palladium by ICP-OES
Actual noble metal loadings of each catalyst are shown in Table B. 1

Table B. 1. Actual Noble Metal Loading Calculation
Weight
Change on
Dry Basis
(g)

Monolith

Measured

Measured

Actual NM

Volume

Rh

Pd

Loading

(ft3)

(wt. %)

(wt. %)

(g/ft3)

C1

0.469

0.000174427

0.100

0.649

20.165

C2

0.473

0.000174427

0.101

0.649

20.332

C3

0.481

0.000174427

0.051

0.326

10.383

C4

0.471

0.000174427

0.010

0.065

2.038
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APPENDIX C

MASS FLOW CONTROLLER CALIBRATION
All MFCs are calibrated once a year. Before each activity experiment, the flow
through the reactor was checked. A soft bubble flow meter is used for calibration
and flow control. All calibration points were measured in five replicates. The
measurement accuracy is about 2%. The following formula was used to calculate
the measurement accuracy;

𝑄𝑜 =

𝑄1 + 𝑄2 + 𝑄3 + 𝑄4 + 𝑄5
5

∑5𝑖=1|𝑄 𝑜 − 𝑄𝑖 |
5
%𝑎𝑐𝑐 =
𝑥100
𝑄𝑜

Where,
Qo is mean of the measured values
Qi is the value of current measurement

In Table C. 1 each cylinder composition and MFC number are illustrated. In the
calibration test soft bubble flow meter was used to measure the flow coming from
MFC device. As experiment procedure, the flow is set from control station to
related MFC device then the bubble is formed in front of the flowing stream within
glass tube. Movement duration of the soft bubble through glass tube for certain
volume is recorded. Calibration results for MFC 1-5 are shown in Figure C. 1,
Figure C. 2, Figure C. 3, Figure C. 4 and Figure C. 5.
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Table C. 1. Cylinders connected to MFC devices
MFC #

Cylinder Content

Cylinder Composition (%)

MFC 1

O2

100

NO

50

N2

50

C3H6

0.33

C3H8

0.11

CO

8.87

H2

2.04

CO2

88.65

SO2

0.01

N2

0.99

N2

100

MFC 2

MFC 3

MFC 4
MFC 5

Measured Flow Rate (sccm)

MFC 1 Calibration
y = 1.2722x
R² = 0.9997

70
60

50; 63.49

41; 52.04

50
40
30

21; 26.81

20
11; 14.55

10

5; 6.94

0
0

10

20

30

40

50

Set Flow Rate (sccm)

Figure C. 1. Calibration result of MFC1 connected to O2 cylinder.
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60

Measured Flow Rate (sccm)

MFC 2 Calibration
20
18
16
14
12
10
8
6
4
2
0

y = 0.5732x
R² = 0.9993

30; 17.14

20; 11.54
15; 8.57

10; 5.61
8; 4.80

0

5

10

15

20

25

30

35

Set Flow Rate (sccm)

Figure C. 2. Calibration result of MFC2 connected to NO+N2 containing cylinder.

MFC 3 Calibration
Measured Flow Rate (sccm)

1600

y = 1.431x
R² = 0.9998

1400
1200

1000; 1428.57

800; 1153.85

1000
800

500; 714.29

600
300; 416.67

400
200

100; 138.25

0
0

200

400

600

800

1000

1200

Set Flow Rate (sccm)

Figure C. 3. Calibration result of MFC3 connected to C3H6, C3H8, CO, H2, CO2
containing cylinder.
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MFC 4 Calibration
Measured Flow Rate (sccm)

1400

y = 1.2573x
R² = 0.9996

1200

1000; 1250.00

1000
800

600; 763.36

600
400

300; 379.27
200; 251.05
100; 139.86

200
0
0

200

400

600

800

1000

1200

Set Flow Rate (sccm)

Figure C. 4. Calibration result of MFC4 connected SO2, and N2, containing cylinder

MFC 5 Calibration
Measured Flow Rate (sccm)

3000.00

y = 1.3647x
R² = 0.9999

2500.00

2000; 2727.27

2000.00
1500.00

1000; 1376.15

1000.00
500; 666.67

500.00

250; 344.83

0.00
0

500

1000

1500

2000

2500

Set Flow Rate (sccm)

Figure C. 5. Calibration result of MFC5 connected N2, containing cylinder
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APPENDIX D

MASS SPECTROMETER CALIBRATION
After calibrating the mass flow controllers mass spectrometer calibration was
conducted. Mass spectrometry calibration was performed when experiments were
suspended for 1 month or more. Mass spectrometry was never turned off in order
to prevent the filament from cooling in tests performed on the same day. Mass
spectrometry was operated under gas flow for 2-4 hours to stabilize again when it
stopped for a maximum of half an hour. This duration was for the heating of the
filament and the tests were continued when the signal levels required to start the
experiment reached the desired value. When the mass spectrometer was stopped
for more than half an hour, the stabilization duration reached 6 hours. In this study,
43, 1, 30, 41 and 64 m/z signals were used for determination of C3H8, H2, NO, C3H6
and SO2 concentrations, respectively. The overlaps made by the relevant
compounds to the m/z signals referred from the mass spectrometry library is shown
in Table D 1. The formulas used to sort out the effects of these overlaps are given
between D1-D5. In these formulas S# o represents the signal obtained in m/z. k#
represents the constants specific to the relevant equation. As seen in equations D1D3, it is assumed that there is no interference for C3H8, H2 and CO. For calibration
study 6 calibration points were used. Calibration points were selected as 0%, 20%,
40%, 60%, 80% and 100% composition of the species for which 80% composition
is same as reaction gas composition for that component. For example, NO
concentration in reaction gas mixture is 1440 ppm and six calibration point were
0ppm, 360ppm, 720ppm, 1080ppm, 1440ppm and 1800ppm for NO. While
changing the NO composition rest of the component’s concentration was kept at
reacting gas concentration. Calibration results are shown in Figure D. 1, Figure D.
2, Figure D. 3 and Figure D. 4, for C3H6, C3H8, H2, NO, respectively.
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Table D 1. Relative intensities of peaks obtained each compound at specified m/z.
Obtained from mass spectrometer library.
Relative Intensities
Compound
SO2
NO
C3H8
C3H6
O2
H2
N2
H2 O
CO
CO2

m/z= 1

m/z= 30
100
2.1

m/z= 41

12.4
100

m/z=
43

22.3

10

0.2

𝐶𝐶3𝐻8 = 𝑘1 ∗ 𝑆43

(D1)

𝐶𝐻2 = 𝑘2 ∗ 𝑆1

(D2)

𝐶𝐶𝑂 = 𝐶𝑁𝐷𝐼𝑅

(D3)

𝐶𝑁𝑂 = 𝑘4 ∗ 𝑆30 − 𝑘5 ∗ 𝐶𝐶3𝐻8 − 𝑘6 ∗ 𝐶𝐶𝑂

(D4)

𝐶𝐶3𝐻6 = 𝑘7 ∗ 𝑆41 − 𝑘8 ∗ 𝐶𝐶3𝐻8

(D5)
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m/z=
64
100

Mass Spectrometer Signal vs Concentration for C3H6
500
y = 3E+10x - 0.4713
R² = 0.9993

C3H6 Concentration (ppm)

450
400
350
300
250
200
150
100
50

0
0.00E+00 2.00E-09 4.00E-09 6.00E-09 8.00E-09 1.00E-08 1.20E-08 1.40E-08 1.60E-08

MS Signal

Figure D. 1 Mass spectrometer calibration result for C3H6 (m/z = 41) for 0, 89, 179,
268, 358, 447 ppm concentration.

Mass Spectrometer Signal vs Concentration for C3H8
160
y = 2E+10x - 47.373
R² = 0.9997

C3H8 Concentration (ppm)

140
120
100
80
60
40
20
0
0.00E+00

2.00E-09

4.00E-09

6.00E-09

8.00E-09

1.00E-08

1.20E-08

MS Signal

Figure D. 2. Mass spectrometer calibration result for C3H8 (m/z = 43) for 0, 30, 60,
89, 119, 149 ppm concentration
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Mass Spectrometer Signal vs Concentration for H2

H2 Concentration (ppm)

3000
y = 6E+10x - 178.27
R² = 0.9997

2500
2000
1500

1000
500
0
0.00E+00

1.00E-08

2.00E-08

3.00E-08

4.00E-08

5.00E-08

6.00E-08

MS Signal

Figure D. 3. Mass spectrometer calibration result for H2 (m/z = 1) for 0, 553, 1106,
1658, 2211, 2764 ppm concentration

Mass Spectrometer Signal vs Concentration for NO
2000
y = 3E+10x - 748.95
R² = 0.9997

NO Concentration (ppm)

1800
1600
1400
1200
1000
800
600
400
200
0
0.00E+00

2.00E-08

4.00E-08

6.00E-08

8.00E-08

1.00E-07

MS Signal

Figure D. 4. Mass spectrometer calibration result for NO (m/z = 30) for 0, 360,
720, 1080, 1440, 1800 ppm concentration
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APPENDIX E

CATALYTIC PERFORMANCE TEST CALCULATIONS

E.1

Volumetric Gas Flow Rate Determination

Total gas flow rate (𝑄̇ is obtained from the result of multiplication of selected gas
hourly space velocity (GHSV) by effective volume (Veff).
GHSV: 50000 h-1 or 833.33 min-1
Dcat.: 2.2 cm
Lcat.: 1.3 cm
Frontal Open Area (foa) = 69%
𝑉𝑒𝑓𝑓 =

2
(𝜋 ∗ 𝐷𝑐𝑎𝑡.
∗ 𝐿𝑐𝑎𝑡. )
∗ 𝑓𝑜𝑎 = 3.41 𝑐𝑚3
4

𝑸̇ = 𝑽𝒆𝒇𝒇 ∗ GHSV = 2840𝒄𝒎𝟑 /𝑚𝑖𝑛
In order to calculate the noble metal loading of a certain catalyst the following
formula should be used:

E.2

MFC Flow Rate Calculation

In order to calculate the setting flow rate of an MFC device the following formula
is used, according to this formula all setting flow rate are calculated in Table E. 1.
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𝑄̇𝑀𝐹𝐶 =

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝑝𝑝𝑚) ∗ 𝑄̇
𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (%) ∗ 10000

Table E. 1. MFC Setting Flow Rate

Cylinder

Required

MFC Set Flow

Cylinder

Concentration in

Rate

Composition

mixture

MFC #

Content

%

(ppm)

MFC 1

O2

100

7700

NO

50

1500

MFC 2

MFC 3

21.87

8.52
N2

50

Balance

C3H6

0.33

370

C3H8

0.11

120

CO

8.87

10000

H2

2.04

2310

CO2

88.65

100000

SO2

0.01

20

N2

0.99

Balance

N2

100

Balance

MFC 4

MFC 5

(ml/min)

320

568
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APPENDIX F

PERFORMANCES OF PEROVSKITE BASED CATALYST WITHOUT
NOBLE METAL LOADINGS
In order to understand the noble metal effect on the perovskite-based catalyst
performance three different catalysts were produced. Below the results obtained
with these catalysts are presented. According to the results it can be interpreted that
noble metals are crucial components for a catalyst to obtain remarkable three-way
catalytic activity.

F.1

Performance and Characterization of LaFe0.6Co0.4O3 Catalyst

The LaFe0.6Co0.4O3 perovskite-based catalyst (LaFeCo), wash-coated on a
cordierite monolith, is comprised of LaFe0.6Co0.4O3, Ce0.8Zr0.2O2 and γ-Al2O3.
Palladium and rhodium were not used in this catalyst. ICP-OES analysis also
confirmed the absence of these metals. After the monolith coating process 0.493 g
weight change was recorded for monolith on dry basis. Oxidation performance of
monolithic catalyst LaFeCo on H2, CO, C3H6 was well enough to complete
conversion, results are shown in Table F. 1. 50% conversion temperature for H2,
CO, O2, C3H6 are 350, 380, 365 and 433 oC respectively. However, C3H8 and NO
conversions were maximum 50% and 17%, respectively. The fresh performance of
the LaFeCo catalyst is too low to compare to the fresh performance of the C1
catalyst (shown in Figure F. 1). Moreover, considering the incomplete conversion
in some compounds, no further studies have been performed on the LaFeCo
catalyst.
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Table F. 1. Catalytic activity of fresh LaFeCo monolithic catalyst
T50

Max. Conv.

(oC)

(%)

H2

350

100

CO

380

100

O2

365

87

C3H6

433

99

C3H8

600

50

NO

600

17

600

600

Species

205

290

243

198

350
205

T50 (oC)

400
300

380

500

433

600

200
100
0

H₂

C₃H₆

CO
C1

C₃H₈
LaFeCo

NO

Figure F. 1. T50 temperatures comparisons of fresh monolithic C1 and LaFeCo
catalysts
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F.2

Performance and Characterization of LaFe0.57Co0.37Mn0.06O3 Catalyst

The LaFe0.57Co0.37Mn0.06O3 perovskite-based catalyst (LaFeCoMn), wash-coated
on a cordierite monolith, is comprised of LaFe0.57Co0.37Mn0.06O3, Ce0.8Zr0.2O2 and
γ-Al2O3. Prepared catalyst contains 0.75% nominal manganese loading. The effect
of placing manganese on site B of perovskite on catalytic performance is studied
with this catalyst. ICP-OES analysis also confirmed the absence of noble metals.
After the monolith coating process 0.516 g weight change was recorded for
monolith on dry basis, which meant 22.18 g/ft3 nominal manganese loading. 50%
conversion temperature for H2, CO, O2, C3H6 are 319, 369, 382 and 426 oC
respectively, (shown in Table F. 2. However, C3H8 and NO conversions were
maximum 51% and 20%, respectively. The placement of manganese on B site of
perovskite did not produce a remarkable improvement in catalytic performance.
Similar to that of the LaFeCo catalyst, the fresh performance of the LaFeCoMn
catalyst is also too low to compare to the fresh performance of the C1 catalyst
(shown in Figure F. 2, therefore no further studies have been performed on the
LaFeCoMn catalyst.

Table F. 2. Catalytic activity of fresh LaFeCoMn monolithic catalyst
T50

Max. Conv.

(oC)

(%)

H2

319

100

CO

369

100

O2

382

87

C3 H 6

426

99

C3 H 8

591

52

NO

600

20

Species

137

600

591

205

243

319

198

300

205

T50 (oC)

400

369

500

290

426

600

200
100

0
H₂

C₃H₆

CO
C1

C₃H₈
LaFeCoMn

NO

Figure F. 2. T50 temperatures comparisons of fresh monolithic C1 and LaFeCoMn
catalysts

F.3

Performance and Characterization of LaFe0.57Co0.37Ru0.06O3 Catalyst

The LaFe0.57Co0.37Ru0.06O3 perovskite-based catalyst (LaFeCoRu), wash-coated on
a cordierite monolith, is comprised of LaFe0.57Co0.37Ru0.06O3, Ce0.8Zr0.2O2 and γAl2O3. Prepared catalyst contains 0.75% nominal ruthenium loading. The effect of
placing ruthneium on site B of perovskite on catalytic performance is studied with
this catalyst. ICP-OES analysis also confirmed the absence of noble metals. 0.470g
weight change was recorded for monolith on dry basis ater coating process, which
meant 20.30 g/ft3 nominal ruthenium loading. 50% conversion temperature for H2,
CO, O2, C3H6 are 373, 238, 390 and 410 oC respectively, (shown in Table F. 3).
However, C3H8 and NO conversions were maximum 65% and 27%, respectively. It
can be inferred from results that inclusion of ruthenium in to the catalyst formulation
significantly improved CO but the reduction reaction performance of this catalyst is
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not promising. Similar to that of the LaFeCo catalyst, the fresh performance of the
LaFeCoRu catalyst is also too low to compare to the fresh performance of the C1
catalyst (shown in Figure F.3), therefore no further studies have been performed on
the LaFeCoRu catalyst.
Table F. 3. Catalytic activity of fresh LaFeCoRu monolithic catalyst
T50

Max. Conv.

(oC)

(%)

H2

373

100

CO

238

100

O2

390

87

C3 H 6

410

99

C3 H 8

530

52

NO

600

20

Species

139

205

290

243

238

198

373
205

400

T50 (oC)

410

500

300

600

530

600

200
100
0
H₂

C₃H₆

CO
C1

C₃H₈
LaFeCoRu

NO

Figure F. 3. T50 temperatures comparisons of fresh monolithic C1 and LaFeCoRu
catalysts
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APPENDIX G

PERFORMANCES CURVES OF THE TESTED CATALYSTS

Performances Curves of fresh C1 Catalyst

% Conversion of H2

G.1

100
90
80
70
60
50
40
30
20
10
0
0

100

200
300
400
o
Temperature ( C)

500

Figure G. 1. H2 Conversion performance of fresh C1 Catalyst
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600

% Conversion of CO

100
90
80
70
60
50
40
30
20
10
0
0

100

200
300
400
o
Temperature ( C)

500

600

% Conversion of C3H6

Figure G. 2. CO Conversion performance of fresh C1 Catalyst

100
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10
0
0

100

200
300
400
o
Temperature ( C)

500

600

Figure G. 3. C3H6 Conversion performance of fresh C1 Catalyst
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% Conversion of C3H8

100
90
80
70
60
50
40
30
20
10
0
0

100

200
300
400
o
Temperature ( C)

500

600

% Conversion of NO

Figure G. 4. C3H8 Conversion performance of fresh C1 Catalyst
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0
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100
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300
400
Temperature (oC)

500

Figure G. 5. NO Conversion performance of fresh C1 Catalyst
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Figure G. 6. H2 Conversion performance of fresh C2 Catalyst

% Conversion of CO

G.2

100
90
80
70
60
50
40
30
20
10
0
0

100

200
300
400
Temperature (oC)

500

Figure G. 7. CO Conversion performance of fresh C2 Catalyst

144

600

% Conversion of C3H6

100
90
80
70
60
50
40
30
20
10
0
0

100

200
300
400
o
Temperature ( C)

500

600

% Conversion of C3H8

Figure G. 8. C3H6 Conversion performance of fresh C2 Catalyst
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Figure G. 9. C3H8 Conversion performance of fresh C2 Catalyst
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Figure G. 10. NO Conversion performance of fresh C2 Catalyst
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Figure G. 11. H2 Conversion performance of fresh C3 Catalyst
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Figure G. 12. CO Conversion performance of fresh C3 Catalyst
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Figure G. 13. C3H6 Conversion performance of fresh C3 Catalyst
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Figure G. 14. C3H8 Conversion performance of fresh C3 Catalyst
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Figure G. 15. NO Conversion performance of fresh C3 Catalyst
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Figure G. 16. H2 Conversion performance of fresh C4 Catalyst
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Figure G. 17. CO Conversion performance of fresh C4 Catalyst
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Figure G. 18. C3H6 Conversion performance of fresh C4 Catalyst
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Figure G. 19. C3H8 Conversion performance of fresh C4 Catalyst
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Figure G. 20. NO Conversion performance of fresh C4 Catalyst
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Figure G. 21. H2 Conversion performance of hydrothermally aged C1 Catalyst
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Figure G. 22. CO Conversion performance of hydrothermally aged C1 Catalyst
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Figure G. 23. C3H6 Conversion performance of hydrothermally aged C1 Catalyst
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Figure G. 24. C3H8 Conversion performance of hydrothermally aged C1 Catalyst
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Figure G. 25. NO Conversion performance of hydrothermally aged C1 Catalyst
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Figure G. 26. H2 Conversion performance of hydrothermally aged C2 Catalyst
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Figure G. 27. CO Conversion performance of hydrothermally aged C2 Catalyst
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Figure G. 28. C3H6 Conversion performance of hydrothermally aged C2 Catalyst

100
90
80
70
60
50
40
30
20
10
0
0

100

200
300
400
Temperature (oC)

500

600

Figure G. 29. C3H8 Conversion performance of hydrothermally aged C2 Catalyst
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Figure G. 30. NO Conversion performance of hydrothermally aged C2 Catalyst
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Figure G. 31. H2 Conversion performance of hydrothermally aged C3 Catalyst
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Figure G. 32. CO Conversion performance of hydrothermally aged C3 Catalyst
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Figure G. 33. C3H6 Conversion performance of hydrothermally aged C3 Catalyst

157

% Conversion of C3H8

100
90
80
70
60
50
40
30
20
10
0
0

100

200
300
400
o
Temperature ( C)

500

600

% Conversion of NO

Figure G. 34. C3H8 Conversion performance of hydrothermally aged C3 Catalyst
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Figure G. 35. NO Conversion performance of hydrothermally aged C3 Catalyst
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Figure G. 36. CO Conversion performance of hydrothermally aged C4 Catalyst
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Figure G. 37. C3H6 Conversion performance of hydrothermally aged C4 Catalyst
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Figure G. 38. C3H8 Conversion performance of hydrothermally aged C4 Catalyst
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Figure G. 39. NO Conversion performance of hydrothermally aged C4 Catalyst
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Figure G. 40. H2 Conversion performance of SO2 poisoned C1 Catalyst
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Figure G. 41. CO Conversion performance of SO2 poisoned C1 Catalyst
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Figure G. 42. C3H6 Conversion performance of SO2 poisoned C1 Catalyst
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Figure G. 43. C3H8 Conversion performance of SO2 poisoned C1 Catalyst
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Figure G. 44. NO Conversion performance of SO2 poisoned C1 Catalyst
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Figure G. 45. H2 Conversion performance of SO2 poisoned C2 Catalyst
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Figure G. 46. CO Conversion performance of SO2 poisoned C2 Catalyst
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Figure G. 47. C3H6 Conversion performance of SO2 poisoned C2 Catalyst
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Figure G. 48. C3H8 Conversion performance of SO2 poisoned C2 Catalyst
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Figure G. 49. NO Conversion performance of SO2 poisoned C2 Catalyst
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Figure G. 50. H2 Conversion performance of SO2 poisoned C3 Catalyst
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Figure G. 51. CO Conversion performance of SO2 poisoned C3 Catalyst
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Figure G. 52. C3H6 Conversion performance of SO2 poisoned C3 Catalyst
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Figure G. 53. C3H8 Conversion performance of SO2 poisoned C3 Catalyst
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Figure G. 54. NO Conversion performance of SO2 poisoned C3 Catalyst
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Figure G. 55. H2 Conversion performance of SO2 poisoned C4 Catalyst
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Figure G. 56. CO Conversion performance of SO2 poisoned C4 Catalyst
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Figure G. 57. C3H6 Conversion performance of SO2 poisoned C4 Catalyst
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Figure G. 58. C3H8 Conversion performance of SO2 poisoned C4 Catalyst

100
90
80
70
60
50
40
30
20
10
0
0

100

200
300
400
Temperature (oC)

500

600

Figure G. 59. NO Conversion performance of SO2 poisoned C4 Catalyst
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