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SUMMARY OF PhD THESIS 
 

Vietnam is a developing country reaching the next stage of economical level. 
Motorbikes are the main way of transportation for the moment. metallic oxides are an 
alternative to noble metals as catalysts for pollutant treatment. The aim of the thesis is to 
study on a catalytic system that exhibit high activity, low cost and easy for application in 
exhaust treatment. The most active single metal oxides are the oxides of Cu, Co, Mn, Ce, 
Ni. Among studied metal oxides, manganese and cobalt containing catalysts are low cost, 
environmentally friendly and relatively highly active. The catalytic properties of CeO2 and 
MnOx-based catalysts are attributed to the ability of manganese to form oxides of different 
oxidation states and to their high oxygen storage capacity. Appropriate combinations of 
metal oxides may exhibit higher activity and thermal stability than the single oxides. 
Moreover, it is necessary to lower temperature of the complete treatment of toxic 
components in exhaust gas to enhance the application ability of metallic oxides. 

In this thesis, some single and multi-oxide catalysts were synthesized by sol-gel 
method. In order to compare the activity of metallic oxide and precious metal, these active 
phases were impregnated on commercial γ-Al2O3. The catalysts were characterized by 
some techniques, such as: X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), 
Transmission Electron Microscopy (TEM), BET for detemining specific surface area, X-
ray Photoelectron Spectrocopy (XPS), TG-DTA, TG-DSC, Infrared Spectrocopy (IR), 
TPR-H2, TPD O2. Catalysis activity of the catalysts were examinied in a micro reactor set 
up. Analysis of the reactants and products was performed using an on-line GC.  
       Component of the mixed oxide catalysts were detemined by studying catalytic activity 
of many single and bi metallic oxides for the separated oxidation of propylene and CO. 
Amongst investigated catalysts, MnO2, Co3O4 and the mixture MnO2 - Co3O4 (Mn/Co 
molar ratio is 1-3) and Co3O4 - CeO2 (Ce/Co is 1-4) show the most promising activity. 
These catalysts converted 100% C3H6 from 250oC. and 100% CO from 150oC in excess 
oxygen condition. Thus, MnO2-Co3O4-CeO2 are selected components of the final catalysts 
for a deep investigation. 

Potential components MnO2, Co3O4, CeO2 were also tested for the oxidation of soot. 
Compared to V2O5, a good catalyst for soot oxidation, activity of MnO2, Co3O4, CeO2 and 
their mixtures were less but the effort to add V2O5 to the mixed MnO2-Co3O4-CeO2 
catalyst did not increase soot conversion. Therefore, V2O5 should not be chosen to add in 
the catalyst. 

Three-way catalytic activity of mixed MnO2-Co3O4-CeO2 catalysts with MnO2-Co3O4-
CeO2 ratio of 1-3-0.75 has been tested for the simultaneously treatment of CO, C3H6, C6H6, 
NO which exposed that the catalyst was able to treat simulteneously 100% CO from 
100oC, 100% C3H6 and C6H6 from 100oC, 80% NO from 400oC. The catalyst were also 
able to treat completely soot within 7 hours on stream. However, the presence of soot led 
to slightly decrease of activity after 5 hours on stream. It could be improved when the ratio 
of catalyst-soot is decreased. In fact, a ratio of 10/1, which is suitable with a real 
application, results in only a little decrease of activity.    

The study on different MnO2-Co3O4-CeO2 catalyst with altering MnO2/Co3O4/CeO2 
composition revealed that only mixture with MnO2/Co3O4 ratio of 1-3 exhibited the 
distinguished activity. Moreover, composition of CeO2 should be reasonable (CeO2/MnO2 
from 0.38 to 1.26) to ensure the best activity. The addtion of the fourth element in the 
catalyst resulted to decrease activity. MnO2-Co3O4-NiO catalysts were also studied and 
showed good activity but still less than that of MnO2-Co3O4-CeO2. 
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Effort to increase ability to treat NO by adding BaO and WO3 showed that NO 
conversion was improved slightly by adding 10% BaO but CO and hydrocarbon 
conversion decreased accordingly. 

Investigation of MnO2-Co3O4-CeO2 activity after aged under the flow containing H2O 
and SO2 at high temperature showed that the catalytic activity at low reaction temperature 
decreased significantly after aging but remained at high temperatures (>250oC). The 
addition of ZrO2 did not prevent this decrease. Catalytic activity of the catalyst MnO2-
Co3O4-CeO2 1-3-0.75 was remained at high temperature above 500oC, this catalyst was 
also able to convert CO and C3H6 at room temperature after activation in a flow containing 
O2/CO=1.6 at 100oC.  
When supported on γ-Al2O3, the optimal amount of MnCoCe 1-3-0.75 was 40% to ensure 
the highest activity. The activity of this catalyst was higher than that of a noble catalyst 
0.5% Pd/γ-Al2O3 examnined under the same reaction condition. 
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Samenvatting  
 

Vietnam is een ontwikkelingsland dat op dit moment een hogere graad van 
economische ontwikkeling bereikt. Motorfietsen zijn er het vervoersmiddel bij uitstek 
maar hun uitstoot is zeer belastend voor het milieu. Het doel van deze thesis is om een 
drie-wegs-katalysator te bestuderen die schadelijke verbindingen uit de uitlaatgassen kan 
verwijderen. Door metaaloxides te gebruiken als alternatief voor de huidig gebruikte maar 
veel duurdere edelmetalen kan deze katalysator goedkoper worden zonder in te boeten aan 
activiteit en gebruiksgemak.  

 
De meest actieve enkelvoudige metaaloxides zijn Cu, Co, Mn, Ce of Ni-oxides. Mn- en 

Co-oxides zijn daarenboven goedkoop en relatief milieuvriendelijk. Ce- en Mn-oxides 
danken hun katalytische activiteit dan weer aan hun uitzonderlijk vermogen om variërende 
oxidatietoestanden te vertonen en zuurstof op te slaan. Door metaal oxides met 
verschillende specifieke eigenschappen te combineren in één katalysator, kan de efficiëntie 
verder verhoogd worden.  

 
In deze thesis werden verschillende enkelvoudige en multi-oxide katalysatoren 

gesynthetiseerd via sol-gel chemie. Deze werden geïmpregneerd in een commercieel γ-
Al2O3 drager materiaal en hun activiteit vergeleken met die van het klassiek gebruikte 
platina. Voor de structurele karakterisatie van de katalysatoren werden technieken zoals X-
stralen diffractie, elektronen microscopie, N2-adsorptie, X-stralen foto-elektron 
spectroscopie, thermogravimetrische analyse, infrarood spectroscopie, TPR-H2 en TPD O2 
gebruikt. Hun effectieve katalytische activiteit in de afbraak van schadelijke uitlaatgassen 
werd getest in een microreactor set up gekoppeld met on-line gas chromatografie.  

 
Er werd vastgesteld dat MnO2, Co3O4 en mengsels van MnO2 - Co3O4 (Mn/Co 1:3) of 

Co3O4 - CeO2 (Ce/Co 1:4) de hoogste activiteit vertonen. Deze katalysatoren vertonen een 
conversie van  100%  voor C3H6 vanaf  250oC en CO vanaf 150 °C onder omstandigheden 
waarin zuurstof in overmaat aanwezig is. Daarom werd beslist om verder te werken met 
een MnO2-Co3O4-CeO2 katalysator voor verder onderzoek. In eerste instantie werd het 
vermogen van deze componenten om roet te oxideren getest. In vergelijking met V2O5, dat 
bekend staat als een zeer goede katalysator voor de oxidatieve omzetting van roet tot CO2, 
is de activiteit van de geselecteerde metaaloxides en hun mengsels lager. Toch bleek 
toevoeging van V2O5 aan de gemengde MnO2-Co3O4-CeO2 materialen de roet omzetting 
niet te laten stijgen.  

 
De efficiëntie van een drie-wegs-katalysator bestaande uit MnO2-Co3O4-CeO2 in een 

ratio van 1:3:0.75 in de simultane behandeling van CO, C3H6, C6H6 en NO werd nagegaan. 
Resultaten tonen aan dat deze nieuwe katalysator in staat is om vanaf 100 °C 100% van het 
CO, C3H6 en C6H6 te oxideren en 80% van de NO’s te verwijderen vanaf 400 °C. Dezelfde 
katalysator kan ook roet behandelen binnen de 7 uur tijdens doorstroming. Bij een 10/1 
roet/katalysator verhouding, vergelijkbaar met reële applicaties, wordt slechts een zeer 
kleine afname van de activiteit in functie van de tijd waargenomen. 

  
Veranderen van de samenstelling van de MnO2-Co3O4-CeO2 katalysator toont aan dat 

het belangrijk is om een MnO2/Co3O4 ratio van 1-3 te behouden en een CeO2/MnO2 ratio 
tussen 0.38 to 1.26.  MnO2-Co3O4-NiO bleken ook een goede activiteit te vertonen maar 
zijn minder efficiënt dan de oorspronkelijke MnO2-Co3O4-CeO2 materialen. Verder werd 
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ook nagegaan of toevoegen van BaO of WO3 de NO conversie kon verbeteren. We vinden 
een lichte verbetering bij additie van 10% BaO maar tegelijk wordt de koolwaterstof 
conversie benadeeld.  

 
Aging experimenten onder een H2O en SO2 flow bij hoge temperatuur toont aan dat de 

activiteit bij lage temperature sterk verminderd maar behouden blijft bij temperaturen 
boven 250 °C. De additie van ZrO2 die voor thermische stabilisatie van de katalysator zou 
kunnen zorgen kon dit probleem niet verhelpen. De MnO2-Co3O4-CeO2 1:3:0.75 
katalysator kon CO en C3H6 oxideren bij kamer temperatuur na een activatie stap bij 100 
°C in een flow die O2/CO (=1.6) bevat.  

 
De optimale belading van de γ-Al2O3 drager met de MnO2-Co3O4-CeO2 katalysator bleek 

40 w%. De activiteit van dit geheel bleek hoger dan die van dezelfde drager beladen met 
0.5 w% Pd onder dezelfde reactieomstandigheden. 
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INTRODUCTION 
 

Environmental pollution from engine in Vietnam was more and more serious since the 
number of motorcycles used in Vietnam is increasing significantly. The development of 
the automotive industry attracts more attention on the atmosphere pollution from exhaust 
gases, and three-way catalysts (TWC) are the best way to remove these pollutants. They 
can convert completely pollutants to reach the Euro standards.  

In the world, precious metallic catalysts such as Pt, Rh and Pd were focused for three-
way catalyst application and represented the key component, as the catalytic activity 
occurs at the noble metal (NM) centre. Furthermore, this catalytic category was applied 
broadly in commercial catalyst and investigated in detail [15-21, 23, 29, 33, 85].  High 
price and easy lost activity when contact with sulfur compound of this catalyst category are 
the most disadvantages for applying in Vietnam [18, 19, 72]. Perovskites were reported as 
the most efficient structures in oxidation reactions and they were even proposed as an 
alternative to NM supported catalysts since they present similar activities in oxidation and 
a lower synthesis cost. However, the low specific surface area generally displayed by these 
solids is still the major impediment to their application [27, 28, 60, 78, 79].   

Meanwhile, metal oxides are an alternative to NMs as catalysts for pollutant treatment. 
The aim of the thesis is to study on a catalytic system that exhibit high activity, low cost 
and easy to apply in treatment of exhaust gases. Therefore, metallic oxides were choosen 
for investigation in this study. The most active single metal oxides are the oxides of Cu, 
Co, Mn, and Ni. Among all metal oxides studied, manganese and cobalt containing 
catalysts are low cost, environmentally friendly and relatively highly active. The catalytic 
properties of MnOx-based catalysts are attributed to the ability of manganese to form 
oxides of different oxidation states and to their high oxygen storage capacity. Appropriate 
combinations of metal oxides may exhibit higher activity and thermal stability than the 
single oxides. Moreover, it is necessary to lower temperature of the maximum treatment of 
toxic components in exhaust gas to enhance the application ability of metallic oxides. 
Thus, this study focuses on optimization of composition of the catalyst in order to obtain 
the best catalyst. The influence of activation, aging process to catalytic activity of the 
samples were also studied. Then, the optimized catalysts will be supported on γ-Al2O3 in 
order to compare with the noble catalysts. 

 The thesis contains four chapters. The first chapter, the literature review, summarizes 
problems on air pollution, pollutant in exhaust gas, treating methods, catalytic systems 
mechanism of exhaust treatment. The aims of this thesis will be then proposed. 

The second chapter introduces basic principles of the physico-chemical methods used in 
the thesis, catalyst synthesis, aging processes and catalytic measurement. 

The most important chapter (chapter 3) is focused on catalytic activity of metallic oxide 
for elimination of single pollutants (hydrocarbon, CO, soot) and the simultaneous 
treatments of these pollutants (CO, HC, NOx, soot). Furthermore, the influence of aging 
and activation processes to the activity of the catalysts was investigated in details in this 
chapter.  

The last chapter (4) summarizes conclusions of the thesis.  
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1 LITERATURE REVIEW 

1.1 Air pollution and air pollutants 
Now a day, air pollution from exhaust gases of internal combustion engine is one of 

serious problems in the world and immediate consequences are hazards such as: acid rain, 
the greenhouse effect, ozone hole, etc. [2]. An air pollutant is known as a substance in the 
air that can cause harm to humans and the environment. Pollutants can be in the form of 
solid particles, liquid droplets, or gases [133]. 

 

1.1.1 Air pollution from exhaust gases of internal combustion engine in 
Vietnam 

Vietnam is a developing country reaching the next stage of economical level. 
Motorbikes are the main way of transportation for the moment. The number of motorbikes 
is about 90% of all vehicles in Vietnam. In 2006, there were eighteen million operating 
motorbikes; the average increase of motorbikes is 15-30% each year. Thus, the 
environmental pollution is extremely polluted [14]. In big cities, the air pollution is more 
and more serious. The air in Hanoi and Ho Chi Minh City (HCMC) also contains 
dangerous levels of benzene and sulfur dioxide and PM [134]. 

 

1.1.2 Air pollutants 
Pollutants for which health criteria define specific acceptable levels of ambient 

concentrations are known as "criteria pollutants." The major criteria pollutants are carbon 
monoxide (CO), nitrogen dioxide (NO2), volatile organic compounds (VOCs), ozone, 
PM10, sulfur dioxide (SO2), and lead (Pb). Ambient concentrations of NO2 are usually 
controlled by limiting emissions of both nitrogen oxide (NO) and NO2, which combined 
are referred to as oxides of nitrogen (NOx). NOx and SO2 are important in the formation of 
acid precipitation, and NOx and VOCs can real react in the lower atmosphere to form 
ozone, which can cause damage to lungs as well as to property [42]. 

HC (hydrocarbon), CO and NOx are the major exhaust pollutants. HC and CO occur 
because the combustion efficiency is <100% due to incomplete mixing of the gases and the 
wall quenching effects of the colder cylinder walls. The NOx is formed during the very 
high temperatures (>1500◦C) of the combustion process resulting in thermal fixation of the 
nitrogen in the air which forms NOx [43]. 

1.1.2.1 Carbon monoxide (CO) 
Carbon monoxide (CO):  is a colorless, odorless, non-irritating but very poisonous gas. 

Carbon monoxide emissions are typically the result of poor combustion, although there are 
several processes in which CO is formed as a natural byproduct of the process (such as the 
refining of oil). In combustion processes, the most effective method of dealing with CO is 
to ensure that adequate combustion air is available in the combustion zone and that the air 
and fuel are well mixed at high temperatures [41]. 

 

1.1.2.2 Volatile organic compounds (VOCs) 
Volatile organic compounds (VOCs) are an important outdoor air pollutant. VOCs are 

emitted from a broad variety of stationary sources, primarily manufacturing processes, and 
are of concern for two primary reasons. In this field they are often divided into the separate 
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categories of methane (CH4) and non-methane (NMVOCs). Methane is an extremely 
efficient greenhouse gas which contributes to enhance global warming. Other hydrocarbon 
VOCs are also significant greenhouse gases via their role in creating ozone and in 
prolonging the life of methane in the atmosphere, although the effect varies depending on 
local air quality. VOCs react in the atmosphere in the presence of sunlight to form 
photochemical oxidants (including ozone) that are harmful to human health [41].  

 

1.1.2.3 Nitrous oxides (NOx) 
Nitrous oxides: (NOx) - especially nitrogen dioxide are emitted from high temperature 

combustion. Nitrogen dioxide is the chemical compound with the formula NO2. It is one of 
the several nitrogen oxides. This reddish-brown toxic gas has a characteristic sharp, biting 
odor. NO2 is one of the most prominent air pollutants. Nitrous oxides can be formed by 
some reactions: 

                                         N2 + O2 2NO 
                                    NO + ½ O2 NO2 

    In engine combustion, NOx is created when the oxygen (O2) and nitrogen (N2) present in 
the air are exposed to the high temperatures of a flame, leading to a dissociation of O2 and 
N2 molecules and their recombination into NO. The rate of this reaction is highly 
temperature-dependent; therefore, a reduction in peak flame temperature can significantly 
reduce the level of NOx emissions [41]. 

 

1.1.2.4 Some other pollutants 
 Sulfur oxides: (SOx) especially sulfur dioxide, a chemical compound with the formula 

SO2. Further oxidation of SO2, usually in the presence of a catalyst such as NO2, forms 
H2SO4, and thus acid rain. This is one of the causes for concern over the environmental 
impact of the use of these fuels as power sources [1, 2, 41]. 

Particle matter (PM10): Particulates alternatively referred to as particulate matter (PM) 
or fine particles, are tiny particles of solid or liquid suspended in a gas. In contrast, aerosol 
refers to particles and the gas together. Increased levels of fine particles in the air are 
linked to health hazards such as heart diseases, altered lung function and lung cancer [1, 2, 
41]. Soot as sampled, e.g. from a dilution tunnel, is found to be in the form of agglomerates 
which are around 100 mm in size. These agglomerates are composed of smaller, very open 
‘particles’, which are in turn a collection of smaller carbonaceous spherules. The terms 
agglomerate (100 mm typical size), particle (0.1–1 mm) and spherule (10–50 nm) will be 
used for these three scales of particulate. The fundamental unit of the soot agglomerates 
are the spherules with diameters of 10–50 nm. Most of these particles are almost spherical, 
but a number of less regular shapes may be found. The surface of the spherules has 
adhering hydrocarbon material or soluble organic fraction (SOF) and inorganic material 
(mostly sulphates). The SOF and other adsorbed species such as sulphates and water are 
captured by the soot in the gas cooling phase e.g. in the exhaust pipe of a diesel engine. 
The spherules are joined together by shared carbon deposition to form loose particles of 
0.1–1 mm size. The nitrogen BET area of a soot was found to be only 40% of the external 
surface area calculated for spherules whose diameter was measured by electron 
microscopy as seen in Figure 1.1 [115]. 



Synthesize and investigate the catalytic activity of three-way catalysts based on mixed 
metal oxides for the treatment of exhaust gases from internal combustion engine  

Nguyen The Tien                                      
                                                                          18  

 
Figure 1.1 Micrograph of diesel soot, showing particles consisting of clumps of spherules [115] 

 

1.1.3 Composition of exhaust gas 
As shown in Table 1.1, the exhaust contains principally three primary pollutants, 

unburned or partially burned HCs, CO and nitrogen oxides (NOx ), mostly NO, in addition 
to other compounds such as water, hydrogen, nitrogen, oxygen, SO2 etc.  In exhaust gas of 
engine, the flow rate was very high with GHSV of 30000-100000 h-1

 [67]. The 
concentrations of NOx in exhaust gas of diesel engine and four-stroke engines were very 
high meanwhile two-stroke spark ignited engine emit large amount of HC. The second and 
fourth engine types emit massive concentration of CO. It can be seen that the amount of 
H2O was high (7-12%) but the oxygen concentration in exhaust gas was significantly lower 
than that in air. However, the λ value of all of engine was equal or higher than 1. 

 
Table 1.1 Example of exhaust conditions for two- and four-stroke, diesel and lean-four-stroke engines [67] 

Exhaust 
components 

and condition a 

Diesel engine  Four-stroke 
spark ignited- 

engine 

Four-stroke 
lean-burn 

spark ignited- 
engine 

Two-stroke 
spark ignited- 

engine 

NOx 350-1000 ppm 100-4000 ppm ≈ 1200 ppm 100-200 ppm 
HC 50-330 ppmCf 500-5000 

ppmCf 
≈1300 ppmCf 20 000-30 000 

ppmCf 

CO 300-1200 ppm 0.1-6% ≈1300 ppm 1-3% 
O2 10-15% 0.2-2% 4-12% 0.2-2% 

H2O 1.4-7% 10-12% 12% 10-12% 
CO2 7% 10-13.5% 11% 10-13% 
SOx 10-100 ppmb 15-60 ppm 20 ppm ≈ 20 ppm 
PM 65 mg/m3    

Temperature 
(test cycle) 

Room 
temperature-

650oC (420oC) 

Room 
temperature-

1100oCc 

Room 
temperature-

850oC 

Room 
temperature-

1100oC 
GHSV (h-1) 30000-100000 30000-100000 30000-100000 30000-100000 
 λ  (A/F)d ≈ 1.8 (26) ≈ 1 (14.7) ≈ 1,16 (14.7) ≈ 1(14.7)e 

GHSV: Gas hour space velocity; A: Air, F: Fuel 
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a N2 is remainder. 
b For comparison: diesel fuels with 500 ppm of sulphur produce about 20 ppm of SO2. 
c Close-coupled catalyst. 
d λ: the theoretical stoichiometric value, defined as mass ratio of actual A/F to stoichiometric A/F; λ 
can be calculated λ= (2O2+NO)/ (10C3H8+CO); λ = 1 at stoichiometry (A/F = 14.7). 
e Part of the fuel is employed for scavenging of the exhaust, which does not allow to define a 
precise definition of the A/F. 

 

1.2 Treatments of air pollution 
With the development of science and technology, there are many methods for exhaust 

gas treatment. They were devided into two categories: treatments of single pollutant and 
simultaneous treatment of pollutants.  

1.2.1 Separated treatment of pollutants 

1.2.1.1 CO treatments 
Method 1:  Carbon monoxide can be converted by oxidation: 

CO + O2                     CO2 
  The catalysts base on NMs [17, 45-47]. Moreover, some transition metal oxides (Co, 

Ce, Cu, Fe, W, and Mn) could be used for treating CO [48-52]. 
Method 2: water gas shift process could convert CO with participation of steam: 

     CO + H2O                        CO2 + H2     ΔHo
298K= -41.1 kJ/mol 

This reaction was catalyzed by catalysts base on precious metal [53, 54].  
Method 3: NO elimination: 

NO + CO                   CO2 + ½ N2  
  The most active catalyst was Rh [114]. Besides, Pd catalysts were applied [30].  
 

1.2.1.2 VOCs treatments 
Catalytic oxidizers used a catalyst to promote the reaction of the organic compounds 

with oxygen, thereby requiring lower operating temperatures and reducing the need for 
supplemental fuel. Destruction efficiencies were typically near 95%, but can be increased 
by using additional catalyst or higher temperatures (and thus more supplemental fuel).  
Because catalysts may be poisoned by contacting improper compounds, catalytic oxidizers 
are neither as flexible nor as widely applied as thermal oxidation systems. Periodic 
replacement of the catalyst is necessary, even with proper usage [41]. Catalytic systems 
based on NM, perovskite or metallic oxide [26-28, 35-40, 55-57].  

1.2.1.3 NOx treatments 
 Because the rate of NOx formation is so highly dependent upon temperature as well as 

local chemistry within the combustion environment, NOx is ideally suited to control by 
means of modifying the combustion conditions. There are several methods of applying 
these combustion modification NOx controls, ranging from reducing the overall excess air 
levels in the combustor to burners specifically designed for low NOx emissions [31]. NOx 
can be treated by some reductions occurred in exhaust gas such as CO, VOCs or soot with 
using NM,  perovskite catalysts and metallic oxide systems [23, 28, 54, 58-66]. 
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Figure 1.2 A typical arrangement for abatement of NOx from a heavy-duty diesel engine using urea as 

reducing agent [67] 
 

Due to the limited success of HCs as efficient reducing agent under lean conditions, the 
use of urea as an alternative reducing agent for NOx from heavy-duty diesel vehicles has 
received attention. Selective catalytic reduction of NOx with NH3 in the presence of excess 
O2 is a well-implemented technology for NOx abatement from stationary sources. 
Typically, vanadia supported on TiO2, with different promoters (WO3 and MoO3) are 
employed in monolith type of catalysts. A sketch of an arrangement for the urea based NOx 
abatement technology was shown in Figure 1.2. Typically, the urea solution is vaporized 
and injected into a pre-heated zone where hydrolysis occurs according to the reaction: 

H2N-CO-NH2 + H2O → CO2 + 2NH3 
Ammonia then reacts with NO and NO2 on the reduction catalyst via the following 

reactions: 
4NO + 4NH3 + O2 → 4N2 + 6H2O 
6 NO2 + 8 NH3 → 7 N2 + 12 H2O 

1.2.1.4 Soot treatment 
Diesel particulate matter (DPM) is the most complex of diesel emissions. Diesel 

particulates, as defined by most emission standards, are sampled from diluted and cooled 
exhaust gases. Removal of soot may be achieved by means of filtration. Even though 
different types of filters can be employed the filtration efficiency is generally high. 
However, the continuous use under the driving conditions leads to filter plugging. 
Regeneration of the filter is therefore a crucial step of the soot removal systems. This can 
be achieved thermally, by burning the soot deposits on the filter, using, for example a dual 
filter systems such as depicted in Figure 1.3. However, such systems may be adopted only 
in the trucks where space requirements are less stringent compared to passenger cars. In 
addition, there are problems arising from the high temperatures achieved during the 
regeneration step when the deposited soot is burned off. In fact, local overheating can 
easily occur leading to sintering with consequent permanent plugging of the filter. To 
overcome these problems, development of catalytic filters has attracted the interested of 
many researchers. 
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Figure 1.3 Principle of filter operation (1) and filter re-generation (2) for a soot removal system, using fuel 

powered burners [67] 
 

One of the most solutions for soot treatment is Continuously Regenerating Trap (CRT) 
and use of fuel additives that favor combustion of the soot deposited on the filter. The 
concept of the so-called CRT has been pioneered by researchers from Johnson Matthey 
and is based on the observation that NO2 is a more powerful oxidizing agent towards the 
soot compared to O2. The concept of CRT is illustrated in Figure 1.4: a Pt catalysts is 
employed in front of the filtering device in order to promote NO oxidation; in the second 
part of CRT, DPM reacts with NO2 favoring a continuous regeneration of the trap. A major 
drawback of these systems is related to the capability of Pt catalysts to promote SO2 
oxidation as well. The sulphate thus formed is then deposited on the particulate filter 
interfering with its regeneration. Moreover, the NO2 reacts with the soot to reform NO 
whilst reduction of NO2 to N2 would be the desirable process. Accordingly, it is expected 
that as the NOx emission limits will be pushed down by the legislation, less NO will be 
available in the exhaust for soot removal, unless the engine is tuned for high NOx emission 
that are used in the CRT and then an additional DeNOx trap is located after the CRT device 
[67]. 

 

 
Figure 1.4 The working principle of the continuously regenerating particulate trap [67] 

 

1.2.2 Simultaneous treatments of three pollutants 
There are two solutions for simultaneous treatment of pollutants. In particular, two 

successive converter possessed drawback that incomplete NOx treatment. Meanwhile, 
three-way catalyst is the best solution when converting toxic gas (CO, HC, and NOx) into 
N2, CO2, and H2O.   
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1.2.2.1 Two successive converters 
 NOx, CO, HC could be treated by designing successive oxidation and reduction 

converters (Figure 1.5). The main reactions in treatment process are: 
Reduction reaction:  NO could be reduced into N2 and NH3 
Oxidation reactions: CO + ½ O2 → CO2 
                                  CxHy + (x+y/4) O2 → x CO2 + y/2 H2O 
Steam formed in process reacts with CO to form CO2 and H2. Thus, some reactions 

occur: 
                             CO + H2O → CO2 + H2 
                             NO + 5/2 H2 → NH3 + H2O 
                             NH3 + 5/4 O2 → NO + 3/2 H2O 
In this method, reduction converter only operated well in excess fuel condition. 

Furthermore, NH3 could be formed in reduction condition. This pollutant will be converted 
into NO-another pollutant in oxidation media [1]. 

 
Figure 1.5 Scheme of successive two-converter model [1] 

  

1.2.2.2 Three-way catalytic (TWC) systems 
The basic reactions for CO and HC in the exhaust are oxidation with the desired product 

being CO2, while the NOx reaction is a reduction with the desired product being N2 and 
H2O. A catalyst promotes these reactions at lower temperatures than a thermal process 
giving the following desired reactions for HC, CO and NOx: 

Oxidation: 
CyHn + (y+ n/4) O2 → yCO2 + n/2 H2O 

                                       CO + ½ O2 → CO2 
                                         CO + H2O → CO2 + H2 
Reduction: 
                            NO (or NO2) + CO → ½ N2 + CO2 
                              NO (or NO2) + H2 → ½ N2 + H2O 
           (2 + n/2) NO (or NO2) + CyHn → (1+n/4) N2 + yCO2 + n/2 H2O 
All the above reactions required some heat or temperature on the catalyst surface for 

the reaction to occur. When the automobile first starts, both the engine and catalyst are 
cold. After startup, the heat of combustion is transferred from the engine and the exhaust 
piping begins to heat up. Finally, a temperature is reached within the catalyst that initiates 
the catalytic reactions. This light-off temperature and the concurrent reaction rate is 
kinetically controlled; i.e. depends on the chemistry of the catalyst since the transport 
reactions are fast. Typically, the CO reaction begins first followed by the HC and NOx 

Reduction 
converter 

Oxidation 
converter 

Addition air 

HC → CO2 + H2O 
CO → CO2 
NO → NO2 

Exhaust 
gas 

NO → N2 + O2 

                  NH3 
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reaction. When all three reactions are occurring, the term three-way catalyst or TWC is 
used. Upon further heating, the chemical reaction rates become fast and pore diffusion 
and/or bulk mass transfer control the overall conversions.  

 

 
Figure 1.6 Three- way catalyst performance determined by engine air to fuel ratio [43] 

   
Figure 1.6 shows a typical response of a TWC catalyst as a function of the engine air to 

fuel ratio [43]. Today the required conversion of pollutants is greater than 95%, which is 
attained only when a precise control of the A/F (air to fuel ratio) is maintained, i.e. within a 
narrow operating window. Accordingly, a complex integrated system is employed for the 
control of the exhaust emissions, which is aimed at maintaining the A/F ratio as close as 
possible to stoichiometry (Figure 1.6). To obtain an efficient control of the A/F ratio the 
amount of air is measured and the fuel injection is controlled by a computerized system 
which uses an oxygen sensor located at the inlet of the catalytic converter. The signal from 
this sensor is used as a feedback for the fuel and air injection control loop. A second sensor 
is mounted at the outlet of the catalytic converter (Figure 1.7) [43]. 

   

 
 

Figure 1.7 Diagram of a modern TWC/engine/oxygen sensor control loop for engine  
exhaust control [67]   

. 
Catalyst system included some common components: 
• Noble metals e.g. Rh, Pt and Pd as active phases. 
• Alumina, which is employed as a high surface area support. 
• CeO2–ZrO2  mixed oxides, principally added as oxygen storage promoters. 

     • Barium and/or lanthanum oxides as stabilizers of the alumina surface area. 
     •Metallic foil or cordierite as the substrate which possess high mechanical and thermal 
strength. The dominant catalyst support for the auto exhaust catalyst is a monolith or 
honeycomb structure. The use of bead catalyst has been studied in the beginning of history 



Synthesize and investigate the catalytic activity of three-way catalysts based on mixed 
metal oxides for the treatment of exhaust gases from internal combustion engine  

Nguyen The Tien                                      
                                                                          24  

of three-way catalyst. The monolith can be thought of as a series of parallel tubes with a 
cell density ranging from 300 to 1200 cpsi. Figure 1.8 shows the surface coating on a 
modern TWC [43]. 

 
Figure 1.8 Wash-coats on automotive catalyst can have different surface structures as shown with SEM 

micrographs [43] 
 

 
Figure 1.9  Improvement trend of catalytic converter [43] 

 
Along with the advances in catalyst technology, the automotive engineers were 

developing new engine platforms and new sensor and control technology (as seen in Figure 
1.9). This has resulted in the full integration of the catalyst into the emission control 
system. The catalyst has become integral in the design strategy for vehicle operation [43]. 

1.3 Catalyts for the exhaust gas treatment 
TWC is one of the best solutions for treatment of exhaust gas. It can transform polluted 

agents approximately 100% in large temperature range to reach Euro III and IV standards 
[15]. Catalysts are classified to some groups beyond metallic characteristic. 

Oxidation catalyst 
- Bead and monolith 
support 
- HC and CO emissions 
only 
- Pt based catalyst 
- Stabilized alumina 
 

Three-way catalyst 
- HC, CO and NOx 
emissions 
- Pt/Rh based catalyst 
- Ce oxygen storage 
 
 

High temperature 
Three-way catalyst 

- Approaching 950oC 
- Stabilized Ce with Zr 
- Pt/Rh, Pd/Rh and 
Pt/Rh/Pd 
 
 
 

All Palladium three -
way catalyst 

- Layered coating 
- Stabilized Ce with Zr 
 
 
 

Low emission Vehicles 
- High temperature 
close couple catalyst 
approaching 10500C 
- No Ce 
- Underfloor catalyst 
 
 
 

Ultra low emission 
Vehicles 

- High temperature close 
couple catalyst 
approaching 10500C, 
with no Ce. 
- Increasing volume 
underfloor catalyst, high 
precious metal loading 
- Optional trap 
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1.3.1 Catalytic systems based on noble metals (NMs) 
NM catalysts have received considerable attention for more than 20 years for used in 

automotive emission control systems, essentially base on Pt group, such as Pt, Pd and Rh 
on supports [69]. Supports can be CeO2-ZrO2, Al2O3, mixtures of some oxides: CeO2-ZrO2 
(CZ), CeO2-ZrO2-Al2O3 (CZA), CeO2-ZrO2-SrO2 (CZS), CeO2-ZrO2-Al2O3-La2O3 
(CZALa). CeO2 in the three-way catalysis since multiple effects have been attributed to 
this promoter. Ceria was suggested to: promote the NM dispersion, increase the thermal 
stability of the Al2O3 support, promote the water gas shift (WGS) and steam reforming 
reactions, promote CO removal through oxidation employing lattice oxygen, store and 
release oxygen under, respectively, lean and rich conditions. Among different systems 
tested, ZrO2 appeared to be the most effective thermal stabilizer of CeO2, particularly when 
it forms a mixed oxide with ceria [31, 32, 81]. For the stabilization of the cubic structure 
even for high Zr content at elevated temperatures many researchers [85, 86] have 
suggested the addition of trivalent cations M3+ (La3+, Y3+, Ga3+) in the oxide mixture 
CeO2–ZrO2. Catalyst based on NM exhibited high catalytic activity in pollutant treatment 
and these catalysts were used extensively [15, 18-22, 29, 33, 69, 70, 73-76]. 

HU Chunming et al. [15] showed the Pt/Pd/Rh three-ways catalyst was prepared using a 
high-performance Ce0.55Zr0.35Y0.05La0.05O2 solid solution and high surface area La-
stabilized alumina (La/Al2O3) as a wash-coat layer. The activity and durability of the 
catalysts under simulated conditions and actual vehicle test conditions were studied. The 
results revealed that Ce0.55Zr0.35Y0.05La0.05O2 solid solution maintains superior textual and 
oxygen storage properties, and La/Al2O3 has superior textual properties. The catalyst had 
high low-temperature activity, wide air-to-fuel ratio windows, and good thermal stability. 
The results from the emission test of a motorcycle showed that the catalyst could meet 
Euro III emission requirements. 

F. Dong and colleagues research the OSC performance of Pt/CeO2-ZrO2-Y2O3 catalysts 
by CO oxidation and 18O/16O isotopic exchange reaction and obtained good results. They 
indicated that the development of a more efficient oxygen storage material is a very 
important approach for the optimization of automotive catalysts [17]. 

Daniela Meyer Fernandes and co-worker used the commercial Pd/Rh-based automotive 
catalyst. The catalysts were evaluated for CO and propane oxidation with a stoichiometric 
gas mixture similar to engine exhaust gas. The catalytic activity results, reported as T50 
(convert 50% gas) values, were consistent with ageing temperature and time. In spite of the 
severe thermal impacts caused by ageing, evidenced by the characterization results, the 
commercial catalyst could still convert 100% of CO at 450◦C [18]. 

Ana Iglesias et al. [54] showed the behaviors of a series of Pd–M (M=Cu, Cr) 
bimetallic catalysts for CO oxidation and NO reduction processes has been tested and 
compared with that of monometallic Pd references. The catalytic properties display a 
strong dependence on the degree of interaction, which exists between the metals in the 
calcinations state. For CO oxidation with oxygen, the second metal plays no significant 
role except in the case of Pd-Cu/CZ. 

Li-Ping Ma et al.[69] proved that the catalytic activity of Pd-Rh (1.6% NM, Pd: 
Rh=5:1) supported by alumina system is very good for treating exhaust gas.  

Containing Pd catalyst was researched by Jianqiang Wang et al.[70]. For fresh catalyst 
it can be observed that both Pd/CZ and Pd/CZS show the almost same oxidation activity 
for CO, the conversion of which can reach almost 100% under λ > 1 conditions, but 
descend as decreasing λ -value under λ < 1 conditions. 

Pd supported on CZALa was used for transforming CO, C3H8, NO. With these fresh 
catalytic systems, the conversions are 100% at about 240, 300, 340oC for CO, NO, C3H8 
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respectively. Operating temperatures for aging catalysts (the catalyst was undergone in some 
condition such as: high temperature, contact with gases: steam, SOx, CO, etc.) are higher  
than that for fresh ones [76]. Furthermore, palladium catalysts were prepared by 
impregnation on CZA and CZALa for CH4, CO and NOx treatment in the mixture gas 
simulated the exhaust from natural gas vehicles operated under stoichiometric condition 
was investigated by Xiaoyu Zhang [71]. 

U. Lassi indicated that catalytic activity of catalyst base on Rh depends on the nature of 
ageing atmosphere and temperature. These catalysts reach their maximum conversions by 
the temperature of 400◦C [72]. 

Sudhanshu Sharma showed catalytic activity of cordierite honeycomb by a completely 
new coating method for the oxidation of major hydrocarbons in exhaust gas. Weight of 
active catalyst can be varied from 0.02 wt% to 2 wt% which is sufficient but can be loaded 
even up to 12 wt% by repeating dip dry combustion. Adhesion of catalyst to cordierite 
surface is via oxide growth, which is very strong [73].  

Binary metallic activity is higher than single one. Some metals are added to promote 
activity or reduce price but properties preserving or increase activity. Guo Jiaxiu and co-
worker investigated influence of Ce0.35Zr0.55Y0.10 solid solution on the performance of Pt-
Rh three-way catalyst. The results revealed that Ce0.35Zr0.55Y0.10 had cubic structure 
similar to Ce0.5Zr0.5O2 and its specific surface area can maintain higher than Ce0.5Zr0.5O2 
after 1000oC calcinations for 5h. Being hydrothermal aged at 1000oC for 5h, the catalyst 
containing Ce0.35Zr0.55Y0.10 still exhibited higher conversion of C3H8, CO and NO and 
lower light-off temperature in comparison with Ce0.5Zr0.5O2 TWC [74]. 

Hyuk Jae Kwon reported that the light-off temperature of the oxidations of CO and 
C3H6 over a commercial three-way catalyst (TWC) was shifted to a lower temperature by 
the addition of water to the feed stream. The formation of carboxylate and carbonate by a 
reaction between adsorbed CO and -OH on the catalyst surface was observed during the 
course of the reactions. The catalysts are containing Pd only and Pt-Rh/CeO2 catalysts 
[75]. 

In Vietnam, Le Thi Hoai Nam studied on Au-ZSM5 catalysts for carbon monoxide 
oxidation to carbon dioxide. The result showed that catalytic activity can be affected at low 
temperature. Catalytic activity increases when temperature increases and it is more 
preeminent than some other systems (Au/α-Fe2O3 Au:Fe=1:19), Pd/γ-Al2O3) [3]. 
Furthermore, Au-ZSM5 was applied for complete oxidation of toluene.  The conversion of 
this catalyst is about 11% at low temperature (150oC) [7]. 

Tran Que Chi et al. [6] show the catalytic activity of Au/Co3O4 for CO and propylene 
oxidation under excess of oxygen. It can be seen that, CO and C3H6 was treated completely 
from room temperature and 200oC, respectively owing to the presence of Au nanometer 
particles. 

  

1.3.2 Catalytic systems based on perovskite 
Perovskite-type mixed oxides have been widely studied for the last four decades. These 

materials present an ABO3 formula, with the tolerance factor defined by Goldschmidt as:  
t = (rA + rO)/ 2 (rB + rO), where rA, rB and rO are the ionic radii for the ions A, B and O. 
Perovskite structures are obtained at 0.8 < t < 1. Their high catalytic activity was reported 
for a wide set of reactions and particularly for oxidation reactions of hydrocarbons and 
volatile organic compounds. Cobalt- and manganese-based perovskites were usually 
reported as the two most efficient structures in oxidation reactions and they were even 
proposed as an alternative to NM supported catalysts since they present similar activities in 
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oxidation and a lower synthesis cost. However, the low specific surface area generally 
displayed by these solids is still the major impediment to their use [27]. 

D. Fino and colleague realized that the LaMn0.9Fe0.1O3 catalyst was found to provide the 
best performance of combustion of methane. Further catalyst development allowed to 
maximize the catalytic activity of this compound by promoting it with CeO2 (1:1 molar 
ratio) and with 1 wt% Pd. This promoted catalyst was lined on cordierite monoliths in a γ-
Al2O3-supported form [26]. 

 Following L. Forni’s investigation, series of La1-xCexCoO3+δ perovskite-type catalysts, 
with x ranging from 0 to 0.20, showed to be quite active for reduction of NO by CO and 
for oxidation of CO by air oxygen at temperatures ranging from 373 to 723 K [24]. 

  Hirohisa Tanaka et al.[25] showed that one of the most important issues of automotive 
catalysts is the endurance of fluctuations between reductive and oxidative (redox) 
atmospheres at high temperatures exceeding 1173 K. The catalytic activity and structural 
stability of La0.9Ce0.1Co1−xFex O3 perovskite catalysts (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0), both 
in powder and monolithic forms, were investigated after aging treatments in real and 
simulated “model” automotive exhaust gases.  

Some author improved the specific surface area of perovskite system by impregnating on 
SBA-15 in order to enhance the complete oxidation of ethylene and ethyl acetate. Mesoporous 
yLaCoO3/SBA-15 (y = 10–50 wt%) catalysts were fabricated by a facile in situ method of 
direct hydrothermal treatment, and excellent performance was observed over the 
40LaCoO3/SBA-15 catalyst in the combustion of toluene and ethyl acetate. It is believed 
that the excellent performance is due to good dispersion of highly reducible LaCoO3 
embedded in SBA-15 [76]. 

The nanosized La2−xKxNiMnO6 perovskite-like complex oxides have good catalytic 
performances on diesel soot particulates combustion under loose contact conditions. The 
catalyst was investigated by W.Shan. In the La2−xKxNiMnO6 catalysts, the partial 
substitution of La with K at A-site enhances their catalytic activity, which can be attributed 
to the production of high valence metal ions at B-site and nonstoichiometry of oxygen 
vacancies. The oxygen vacancy concentration has an important effect on the catalytic 
activity because the oxygen vacancy is beneficial to enhance the adsorption and activation 
of molecular oxygen. The optimal substitution amount of K is equal to x=0.4 among these 
samples [78]. 

Lei Li investigated perovskite La-Mn-O based catalysts coated on honeycomb ceramic 
in practical diesel exhaust. Nanosized perovskite LaMnO3, La0.8K0.2MnO3 and La0.8K0.2 
Co0.5Mn0.5O3 have been prepared by the citrate–gel process and their coatings on the 
honeycomb ceramic were obtained by the sol–gel assisted dip-coating technique.  Among 
these three catalysts, La0.8K0.2MnO3 shows the best comprehensive catalytic performance, 
with the best soot trapping effect, the lowest T50 value (414 ◦C) and a very small smoke 
opacity, and the La0.8K0.2MnO3 coated honeycomb ceramic is a promising device for diesel 
exhaust gas emissions [79]. 

In Vietnam, Tran Thi Minh Nguyet studied deNOx properties of La1-xSrxCoO3 
perovskite/complex oxides. The results showed that catalyst with molar ratios 
La:Sr:Co=0.4:0.6:1; a single phase perovskite exhibited only an oxidation function, while the 
product with three phases realized three functions of DeNOx reaction. The conversion was 
40% [4]. 

Quach Thi Hoang Yen et al. [11] showed the catalytic activity of La1-xNaxCoO3 series for 
CO and diesel soot treatment. Amongst these catalysts, La0.7Na0.3CoO3 exhibited the best 
performance. The sample can convert CO and soot from 216oC and 400oC respectively. It is 
suitable for treatment of exhaust gas of diesel engine. 
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Tran Thi Thu Huyen studied La0.7Sr0.3MnO3 supported on γ-Al2O3 for complete oxidation 
of m-xylene. The best catalyst was 30% La0.7Sr0.3MnO3 on support. This catalyst can convert 
m-xylene completely from 300oC [12]. 

 

1.3.3 Catalytic systems based on metallic oxides 
Metal oxides are an alternative to NMs as catalysts for complete oxidation. The most 

active single metal oxides for combustion of VOCs are the oxides of Cu, Co, Mn, and Ni.  
Some typical oxides will be mentioned in more detail.  

1.3.3.1 Metallic oxides based on CeO2 
As seen in section 1.3.1, CeO2 was reported the most popular metallic oxides for the 

support and promoter of noble catalyst. This oxide possessed high OSC due to the redox of 
Ce4+/Ce3+. Moreover, when combining with other metallic oxides, CeO2 exhibited high 
activity for CO, hydrocarbon, soot oxidation and NOx reduction. 

H. Zou investigated the catalytic system CuO-CeO2 add some elements (Zn, Mn, Fe) 
for CO in reduction condition (65% H2, 25% CO2, 1% CO, 9% H2O, O2/CO=1.5). 
Cu1Ce9Oδ and Cu1Zn1Ce9Oδ catalysts exhibited highest activity at 160oC and CO2 
selectivity of 100% at 100-140oC. The doping of ZnO remarkably improved the catalytic 
activity, while Fe2O3 or MnO2 deteriorated the catalytic properties. Addition of ZnO to 
CuO–CeO2 catalyst stabilized the reduced Cu+ species and increased the amounts of CO 
adsorption and lattice oxygen [51]. 

A series of Cu1-xCexO2 nanocomposite catalysts with various copper contents were 
synthesized by a simple hydrothermal method at low temperature without any surfactants 
using mixed solutions of Cu(II) and Ce(III) nitrates as metal sources. The optimized 
performance was achieved for the Cu0.8Ce0.2O2 nanocomposite catalyst, which exhibited 
superior reaction rate of 11.2×10−4 mmolg−1s−1 and high turnover frequency of 7.53×10−2 
s−1 (1% CO balanced with air at a rate of 40 ml.min−1 at 90◦C) [52]. 

F.Lin et. al [65] show the catalytic activity of CuO2-CeO2 system added BaO for soot 
treatment in the gas flow 1000 ppmNO/10%O2/N2 (1l/min) in loose contact. When the 
amount of BaO was from 6% to 10%, the catalyst exhibited the highest activity with the 
onset temperatures Tmax (the maximum peak temperature was presented as reference 
temperature of the maximum reaction rate) were 400oC and 483oC for fresh and aging 
catalyst, respectively.  

Mn0.1Ce0.9Ox and Mn0.1Ce0.6Zr0.3Ox samples synthesized by sol-gel method were tested 
for redox properties through the dynamic oxygen storage measurement. The results showed 
that redox performances of ceria-based materials could be enhanced by synergetic effects 
between Mn-O and Ce-O. Fresh and aged samples were characterized with the fluorite-
type cubic structure similar to CeO2, and furthermore, the thermal stability of Mn0.1Ce0.9Ox 
materials was improved by the introduction of some Zr atoms [92]. 

M. Casapu used the system based on Niobia-Ceria to reduce NOx. The catalyst was 
able to convert 72% NO already at 250◦C and showed almost full NO reduction between 
300 and 450◦C. The new niobia-ceria exhibited a similar urea hydrolysis activity as 
compared to a conventional TiO2 catalyst. A significant decrease of the soot oxidation 
temperature was also noticed with this catalyst [94]. 

A superior Ce-W-Ti mixed oxide catalyst prepared by a facile homogeneous 
precipitation method showed excellent NH3-SCR (selective catalytic reduction) activity 
and 100% N2 selectivity with broad operation temperature window and extremely high 
resistance to space velocity. This is a very promising catalyst for NOx abatement from 
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diesel engine exhaust. The excellent catalytic performance is associated with the highly 
dispersed active Ce and promotive W species on TiO2. The introduction of W species 
could increase the amount of active sites, oxygen vacancies, and Bronsted and Lewis acid 
sites over the catalyst, which is also beneficial to improve the activity aat low temperature 
[95]. 

. 

1.3.3.2 Catalytic systems based on MnO2 
MnO2 was one of the most popular metallic oxides that exhibited very high catalytic 

activity for CO and hydrocarbon oxidation due to high OSC. The catalyst based on MnO2 
has higher oxygen storage capacity and demonstrates faster oxygen absorption and oxide 
reduction rates than current commercial ceria-stabilized materials [80]. Among all metal 
oxides studied, manganese and cobalt containing catalysts are low cost, environmentally 
friendly and relatively highly active for VOC combustion. The catalytic properties of 
MnOx-based catalysts are attributed to the ability of manganese to form oxides of different 
oxidation states and to their high oxygen storage capacity (OSC). Chang and McCarty 
claim that MnOx has higher oxygen storage capacity and demonstrates faster oxygen 
absorption and oxide reduction rates than current commercial ceria-stabilized materials 
[80]. 

Catalytic activity of the Co–Mn–Al mixed oxide catalyst (Co:Mn:Al molar ratio of 
4:1:1) modified with various amounts of potassium (0–3 wt%) was examined in total 
oxidation of toluene and ethanol with the concentration of 1g/m3. The catalyst added 1% 
K2O can convert 90% these organic compounds at 160oC [35]. 

MnO2-Co3O4 supported on SiO2 for complete oxidation in air of n-haxane (2.5g/m3) 
was investigated by S. Todorova. The catalytic activity of both single component cobalt 
and manganese samples is similar, however, a combination between the two elements 
changes significantly the activity and this depends on the method of preparation.  The 
catalyst with 5% MnO2-15% Co3O4 exhibited the highest activity with the conversion of n-
C6H14 of 100% at 265oC [36]. 

Copper-containing mesoporous manganese oxides were prepared by the sol–gel 
method. Catalyst synthesized by maleic acid sol-gel method possessed high specific 
surface area (170-230 m2/g, pore diameter of 6 nm). Using these samples as catalysts, CO 
oxidation was carried out as a model reaction (1% CO, 20% O2, N2 balance). Copper-
containing mesoporous manganese oxide prepared by the sol–gel method showed a very 
high activity. The catalyst Cu/Mn=1/2 exhibited the highest activity when converting 
completely CO at 160oC. On the other hand, copper-supported manganese oxide prepared 
by the impregnation method using copper sulfate showed a low activity. Differences in 
activities were correlated with the mobility of lattice oxygen [49]. 

The MnOx–CeO2–Al2O3 mixed oxides catalyst exhibited the maximum soot oxidation 
rate at 455 ◦C, which shifts upwards by 53oC after exposure to flow air at 800oC for 20 h 
with the mass ratio of catalyst/soot of 10/1. Compared with MnOx–CeO2, the superior 
thermal stability of the Al2O3-modified catalyst should be mainly ascribed to retarding the 
sintering of MnOx and CeO2 crystallites as well as preventing the phase separation of 
MnOx–CeO2 solid solutions to some extent. These maintain a rather strong synergistic 
effect between Mn and Ce species on the nanometer scale for the aged alumina-modified 
catalyst, and increase the amount of available active oxygen for NO and soot oxidations at 
relatively low temperatures. A good accordance is found between the low-temperature 
redox property (<600◦C) and soot oxidation activity in O2 (10% O2/N2). A similar 
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consistency appears between the redox property at lower temperatures (<400 ◦C) and soot 
oxidation activity in NO+O2 (1000 ppm NO, 10% O2 in N2) [63]. 

Said Azalim studied on the catalyst based on MnO2, CeO2 and ZrO2 for complete VOC 
(n-butanol with the concentration of 800 ppm in air condition). The best catalyst 
Zr0.4Ce0.24Mn0.36O2 can convert completely 100% this organic compound from 200oC 
[129].  

MnOx supported on Al2O3 was applied for VOCs treatment, e.g. ethyl acetate, ethanol 
and toluene in air with the concentration of 0.5-1%. The order of VOCs conversion was 
ethanol>ethyl acetate> toluene with the temperature of complete oxidation of 250, 300 and 
380oC, respectively [56].  

Furthermore, MnOx/Al2O3 was deposited on FeCrAl metallic foil. The reactant flow 
contained ethanol, ethyl acetate, toluene with the gas flow of 300 ml/min and the 
concentration of 4000 ppmC diluted in air. The powdered catalyst has demonstrated an 
excellent catalytic performance in VOCs combustion; however, supporting it on a metallic 
monolith has considerably increased its catalytic activity. The surface area and the catalytic 
activity of monoliths in VOCs combustion increased with the amount of catalyst retained. 
The lowest temperature of the best catalysts for 80% conversion of ethanol, ethyl acetate 
and toluene was 201oC, 240o, 340oC, respectively [130].  

Nanometer MnOx was also applied for complete oxidation of CO in gas flow 2% CO, 
2% O2 in Ar. The catalyst synthesized from oxalate salt possessed very high specific 
surface area (525 m2/g). The catalyst exhibited superior activity when converting 
completely CO in room temperature (300K) [131]. 

 

1.3.3.3 Catalytic systems based on cobalt oxides  
Catalysts based on cobalt oxides are of great importance for catalytic processes like 

Fischer–Tropsch synthesis, low temperature CO oxidation, N2O decomposition, steam 
reforming of ethanol and other industrially important hydrogenation and oxidation 
reactions. It is also established that such materials are effective combustion catalysts for 
VOC removal, diesel soot oxidation, and particularly total oxidation of light hydrocarbons, 
which has recently emerged as promising process for environmentally benign energy 
generation and emissions control. As a result, cobalt oxides and their preparation have 
been extensively studied. The high catalytic activity in reactions oxygen involving of the 
Co3O4-based catalysts is most likely related to the high bulk oxygen mobility and facile 
formation of highly active electrophilic oxygen (O− or O−2) species for hydrocarbon 
oxidation [34-38, 87, 90, 91]. 

A.V. Salker investigated Co2−xFexWO6 catalysts for complete oxidation of CO (5%CO, 
5%O2, N2 balance). Before reaction, the catalyst was activated in O2 with the gas flow 250 
ml/h for 30 minutes at 150oC. Co2WO6 catalyst exhibited the highest activity with the CO 
conversion of 100% at the temperature lower than 200oC. [34] 

A series of nanosized Co3O4/γ-Al2O3 catalysts have been prepared using a combination 
of wetness impregnation and subsequent combustion synthesis in self-propagating mode. 
The observed influence of the initial precursors cobalt acetate, mixtures of cobalt 
acetate/cobalt nitrate, and mixtures of cobalt nitrate with fuels such as urea, citric acid, 
glycine, and glycerine on the catalytic performance correlates well with their combustion 
behaviour. Catalysts obtained with the combustion method at the highest velocities and the 
lowest temperatures during the synthesis were found to have the highest activity (complete 
conversion of methane at 400–425oC) [37]. 
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A. S. K. Sinha studied CoO/SiO2 for n-hexane in air. This catalyst can convert 
completely hydrocarbon from 553K. The activity reduced slightly after 30h and maintains 
the conversion of 80% for 90h [39]. 

Quian Liu demonstrates that nanocrystalline cobalt oxides prepared by citrate-
precursor-based soft reactive grinding procedure are exceptionally active for total 
oxidation of light hydrocarbons. The gas flow contain 1% C3H8, 10% O2 in N2. Prior, the 
catalyst was activated in air flow 30 ml/min at 300oC. The best catalyst can convert 100% 
C3H8 from 240oC. Kinetic results show that these grinding-derived cobalt spinel catalysts 
are among the most active catalysts yet reported for propane combustion, being 
considerably more active than the previously best reported catalytic activity of cobalt-
based catalysts for complete hydrocarbon removal. The superior activity of the present 
grinding-derived cobalt oxide catalyst has been attributed to the beneficial formation of 
highly strained cobalt spinel nanocrystals as a consequence of prolonged mechanochemical 
activation during the dry citrate-precursor synthesis process [87]. 

F. Wyrwalski investigated a new and simple synthesis method for obtaining a highly 
dispersed Co/ZrO2 catalyst is described. Introduction of yttrium (5 mol%) into the support 
and addition of an aqueous solution of ethylenediamine to a cobalt nitrate solution during 
the catalyst preparation leads to a strong increase of the catalytic performance of these new 
solids in the toluene total oxidation. The catalytic results have been explained in terms of 
cobalt oxides (Co3O4) dispersion which is strongly improved when the support and/or the 
cobalt precursor are modified. In addition, this higher cobalt oxides dispersion has been 
associated with a low interaction of these species with the zirconia support [88]. 

Cobalt-aluminate spinel catalyst (Co1.66Al1.34O4) exhibited the perfect activity for CO 
treatment. It can convert CO at room temperature and at low temperature with the present 
of some gases (CO2, H2, SO2, C3H6 and NO2).When all compounds were added to the feed 
gas simultaneously, their combined effect resulted in an almost total loss of the catalytic 
activity for CO oxidation at temperatures below 500oC [89]. 

 In Vietnam, the catalyst Co-Al/Bentonite was studied by Tran Dai An for complete 
oxidation of toluene. 50% and 100% toluene were treated at 362oC and 410oC respectively 
[8]. 

Tran Thi Minh Nguyet investigated the activity of Co3O4/ZrO2/Cordierite.  The lowest 
temperature of complete oxidation of CO was 170oC and equal to that of active phase 
nano- Co3O4. The catalyst can be applied in exhaust gas treatment [9]. 

1.3.3.4 Other metallic oxides 
 Some other metallic oxides such as CuO, V2O5 and WO3 were also investigated for CO 

oxidation by NO or NO reduction by NH3. 
CuO supported on ZrO2 and γ-Al2O3 for CO oxidation was studied by Ren-Xian Zhou. 

CuO/ZrO2 sample can convert completely from 125oC in the gas flow 2.8% CO, 8% O2. 
The addition of ZrO2 would also increase the reduction ability and desorptibility of surface 
oxygen spices of CuO/γ-Al2O3 [50].  

CuO/CeO2 and CuO/CeO2-MgO were applied for oxidation of CO by NO (5000 ppm 
NO, 6000 ppm CO). Cu/MgO-CeO2 was treated in redox process. Cu/MgO-CeO2 was 
firstly reduced by 1% CO/He (20 ml/min) at 350oC for 1 h; subsequently, the sample was 
cooled to 300oC in He stream and then oxidized with 20 % O2/He (10 ml/min) for half an 
hour  This catalyst can convert 80% CO and 95% NO with N2 selectivity approximate 
100%  from 250oC [58]. 

Lean-burn engines provide more efficient fuel combustion and lower CO2 emissions 
compared with traditional stoichiometric engines. However, the effective removal of NOx 
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from lean exhaust represents a challenge to the automotive industry. Lean NOx traps 
(LNTs), also known as NOx storage-reduction (NSR) catalysts, represent a promising 
technology, particularly for light duty diesel and gasoline lean-burn applications. 
Moreover, recent studies have shown that the performance of LNTs can be significantly 
improved by adding a selective catalytic reduction (SCR) catalyst in series downstream. In 
industry, SCR catalysts promote the selective reduction of NOx with ammonia (NH3) in the 
presence of excess oxygen: 4NO + 4NH3 + O2 → 4N2 + 6H2O. Many catalytic systems 
based on metallic oxides or metals were investigated to treat NO with the presence of NH3 
[93-95]. Typical industrial catalysts contain V2O5 and WO3 supported on TiO2 (anatase) 
with the amount of V2O5 is lower than 2% [93]. 

 SCR technology is believed to be one of the most promising options for deNOx. 
However, SCR usually requires rather high reaction temperature (over 300◦C) when 
hydrocarbons (HCs) or CO are used as reducing agents. Low-temperature removal of NOx 
by SCR can be achieved with the application of the toxic reducing agent NH3. If SCR of 
NOx with HC occurs over catalyst at low temperature (< 200◦C) with high deNOx activity, 
the technology could compete with NH3-SCR and be more practical for the removal of 
NOx at stationary or mobile sources. Low-temperature SCR of NOx with HCs has been 
extensively studied and a large number of catalysts have been evaluated [96]. 

In Vietnam, some authors also studied some metallic oxides for treatment of pollutants. 
Tran Thi Nhu Mai and co-worker used of V2O5-TiO2/Me2Ox (Me= Mo, Cu, Ce) catalyst 
supported on honeycomb-texture ceramic. Catalysts properties were estimated by LPG 
advanced oxidation reaction. The reaction temperature range was from 350 to 400oC to 
reach 100% conversion [5]. 

Hoang Tien Cuong performed CuO-Cr2O3/Al2O3/cordierite catalyst for CO elimination. 
CO was converted at 230oC by the best sample. The conversion of this catalyst was higher 
than 90% when using  in a pilot set-up [10]. 

1.3.4 Other catalytic systems 
Some researchers are interested in some other kind catalysts such as: Cu-ZSM-5, 

complexes catalyst MAX (M: transition metals such as: Cu, Fe, Co, Ni; A: SO4
2-, SO3

2- 
anion, X: 3-amino-1,2,4 triazol) was condensed with formaldehyde on porous supporter ( 
silicagel, Al2O3, bentonite, zeolite); Ag catalyst or Ag compound (X: halogen, oxide, 
sulfate, phosphate) on Sn oxide; and may be added Al2O3, TiO2, etc [82, 83]. 

  L. Keiski showed that metal substrate ZSM-5 zeolites ion-exchanged with copper are 
effective catalysts in the elimination of nitrogen oxides from lean automotive exhaust gases 
when propene works as a reductant. Some co-cations improve the catalytic activity of Cu-
ZSM5. [84]. 

Le Minh Thang synthesized some transition metal catalysts such as: Ni/γ-Al2O3/Cordierite 
(5% Ni, 10% γ-Al2O3), Co/γ-Al2O3/Cordierite (5% Co, 10% γ-Al2O3), Ni-Co/γ-
Al2O3/Cordierite (2.5% Ni, 2.5% Co, 10% γ-Al2O3) for complete oxidation of hydrocarbon. 
They have suitable operation temperature is from 350 to 400oC. Containing Co catalysts are 
better than Ni-catalysts in n-hexane oxidation . The maximum conversion was 80 % [2]. 

Nguyen Van Quy researched Ag-Co system for selective catalytic reduction of NOx by 
propylene in the presence of excess oxygen.  At about 240oC, the oxidation of propylene 
was observed with the only formation of CO2. The consumption of NOx was nearly 100% 
[13]. 
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1.4 Mechanism of the reactions 

1.4.1  Mechanism of the oxidation of hydrocarbon 
  Any catalytic mechanism implies that adsorption represents the primary step of catalysis 

and controls the transition of a reactant molecule to the active state. Molecules of oxygen or of 
a hydrocarbon are adsorbed on the catalyst surface during hydrocarbon oxidation. The state of 
these adsorbed molecules, their interaction, and their reactions with the gas phase molecules 
would account for different routes of the process. 

 Oxygen adsorption on oxidation catalyst: The chemisorption of oxygen on metals 
may occur even at low temperature. The chemisorption of oxygen on various metals over a 
range of different temperatures is so fast as to make kinetic measurement impossible; this is 
indication that the activation energy for chemisorption is very low. Fast chemisorption is 
followed by slow uptake of oxygen by the metal. With NMs, such as platinum and silver, 
oxygen will be dissolved in layers adjacent to the surface, bringing about changes in the 
electronic properties of the latter. 

 Chemisorption of hydrocarbon on oxidation catalyst: As a rule, oxygen covers the 
whole surface of the metal, and chemisorption of hydrocarbons occurs either on a thin layer of 
the given metal oxide formed as an individual phase, or on oxygen that was sorbed on the 
surface and has filled the adjacent-to-surface layers. 

     The essential points of the hydrocarbon oxidation scheme, as derived publish data and 
from the electronic theory of catalysis. 

(1) A molecule with a double bond adsorbed on a semi-conducting catalyst surface 
converts into a radical bound with the lattice and having a free valence. A molecule with a 
single bond emerging from the gas phase may react with the free valence of such a radical and 
dissociate. 

(2) An adsorbed saturated molecule with a single bond may dissociate into radicals, one 
saturated with the surface valence, and the other having a free valence; free radicals will be 
generated by desorption of the latter radical into gas phase. 

(3) It may be considered from isotopic data and electron work function measurement that 
negatively charged ions of molecular and atomic oxygen are present on semi-conducting 
surfaces. The ratio of these is a function of temperature and chemical properties of the solid. 

(4)  Hydrocarbons are sorbed on semi-conducting catalysts either weakly-reversibly, or 
strongly-irreversibly. The ratio of weak to strong adsorption is a function of temperature and 
the chemical composition of the catalyst. 

(5) Various types of ion-radicals are formed in adsorption of reactant molecules on the 
semi-conducting surface; the formation of these is a function of the electronic properties of the 
solid, and the structure and kind of bonds. 

(6) The catalyst surface is markedly heterogeneous both with respect to oxygen and to 
hydrocarbon adsorption. 

(7) The heterogeneous-homogeneous step occurs only for certain catalysts, such as 
platinum and spinels, and is not observed with oxide catalysts over the temperature range up to 
400oC. 

(8) Reaction products, such as aldehydes, olefine oxides, etc., are strongly sorbed on the 
catalyst surface, contributing to formation of the organic residue and representing additional 
sources of carbon dioxide generation. 

(9) It may be considered on the basis of data obtained by means of the radioactive tracer 
technique that the various stable oxygen-containing products on semi-conducting oxides are 
generated by different routes, though active intermediates. 
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(10) The oxygen in metal oxide lattices, as well as that sorbed on lattice  surfaces is of a low 
mobility. Under certain conditions, the hydrocarbon will react with oxygen of the catalyst 
lattice. At low temperature, this side reaction is of small importance for oxidation [97].  

 
Figure 1.10 Scheme of catalytic hydrocarbon oxidation; H-hydrocarbon, C-catalyst, R1 to R5-labile 

intermediate, probably of the peroxide type [97] 
 

  All types of reactions between oxygen and hydrocarbon yield oxygen-containing 
compounds, such as aldehydes, acid, etc., present together with the product of complete 
oxidation, ie, with carbon monoxide and water. The reaction selectivity seems to be 
determined by the strength of bonding between the surface and the ion-radicals formed, and 
may be increased solely by changing the chemical composition of the catalyst [97]. 

  It is very difficult to establish kinetic laws for hydrocarbon oxidation first of all due to the 
high endothermicity of this reaction resulting in sinstering of the catalyst, in surface changes, 
and in the intensification of side process. This is probably the reason why the kinetics of a 
number of hydrocarbon oxidation reaction is insufficiently know, and data reported in 
literature are scarce. 

  A number of physical side processes, such as the diffusion of initial compounds and 
reaction products, the liberation and distribution of heat, the dynamic of gases and liquids exert 
an influence on hydrocarbon oxidation under working condition. All these factors are of prime 
importance for the design of catalytic apparatus, and moreover, may bring a change in the main 
oxidation characteristic, i.e., in the selectivity. 

  The formal kinetics of high conversion of hydrocarbon is primarily a function of 
molecular structure and is but slightly affected by the nature of catalysts. The greater the 
number of carbon atoms in a molecule the higher the pre-exponential factor and the activation 
energy for high conversion. The regularity holds both for saturated and unsaturated, as well as 
for simple cyclic hydrocarbons. Change in order of the kinetic equation as a function of the 
molecular structure of a hydrocarbon provides evidence for a rate-determining step that seems 
to be related to the nature of hydrocarbon radicals formed in adsorption. In certain cases the 
rate-determining step is the chemisorptions of oxygen [97]. 

 

1.4.2 Mechanism of the oxidation reaction of carbon monoxide 
The catalytic oxidation of CO on the surface of NMs such as platinum, palladium and 

rhodium. In order to describe the process,  the metal surface consists of active sites were 
denoted as “*” The catalytic reaction cycle begins with the adsorption of CO and O2 on the 
surface of platinum, whereby the O2 molecule dissociates into two O atoms (X* indicates 
that the atom or molecule is adsorbed on the surface, i.e. bound to the site *): 

H + C 

R1 R2 R3 R4 R5 

Olefin 
oxide 

Aldehyde Acid CO CO2 
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                                                             O2 + 2*  2O* 

                                                              CO+ *  CO* 
The adsorbed O atom and the adsorbed CO molecule then react on the surface to form 

CO2, which, being very stable and relatively unreactive, interacts only weakly with the 
platinum surface and desorbs almost instantaneously: 

                                                              CO* + O*  CO2 + 2* 

Note that in the latter step the adsorption sites on the catalyst are liberated, so that these 
become available for further reaction cycles. Figure 1.11 shows the reaction cycle along 
with a potential energy diagram. Once these radicals are available, the reaction with CO to 
CO2 follows instantaneously.  

 
Figure 1.11 Reaction cycle and potential energy diagram for the catalytic oxidation of CO by O2 [98] 

The activation energy of the gas phase reaction will be roughly equal to the energy 
required to split the strong O–O bond in O2, i.e. about 500 kJ mol–1. In the catalytic 
reaction, however, the O2 molecule dissociates easily – in fact without an activation energy 
– on the surface of the catalyst. The activation energy is associated with the reaction 
between adsorbed CO and O atoms, which is of the order of 50–100 kJ mol–1. Desorption 
of the product molecule CO2 costs only about 15–30 kJ mol–1 (depending on the metal and 
its surface structure). It can be seen that the most difficult step of the homogeneous gas 
phase reaction, namely the breaking of the O–O bond is easily performed by the catalyst. 
Consequently, the ease with which the CO2 molecule forms determines the rate at which 
the overall reaction from CO and O2 to CO2 proceeds. This is a very general situation for 
catalyzed reactions, hence the expression: A catalyst breaks bonds, and lets other bonds 
form. The beneficial action of the catalyst is in the dissociation of a strong bond, the 
subsequent steps might actually proceed faster without the catalyst [98]. 

Figure 1.12 shows the reaction path ways based on the investigations. This is analogous 
in parts to those proposed by others and is one of the possible reaction pathways. Here 
M(a)–O and M(b)–O are considered as two types of active sites on metal oxides namely 
acidic and basic sites respectively. Where M(a) as surface active acidic site and O(b) as 
basic active site on metal oxides. M(a) is considered as an acidic site which is electron 
deficient. CO having lone pair of electrons directing the C-end of CO gets chemisorbed 
with acidic site of metal oxide to form a bond as shown in Eq. (1).The adsorbed CO 
interacts with the lattice oxygen of the metal oxide. The partially bonded CO2 gets 
desorbed leaving the reduced acidic metal oxide on the surface as shown in Eq. (2). 
Subsequently reduced site takes oxygen from the gas phase to fill the oxygen vacancy as 
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seen in Eq. (3). The oxygen molecule takes electrons from the basic site forming O- species 
in Eq. (4). The adsorbed species may interact to give intermediate as shown in Eq.(5), 
subsequently giving CO2 and regeneration of the catalyst in Eqs. (6) and (7). If acidic and 
basic sites are present on the same metal oxide, then the reaction paths ways follow as 
below. The Eq. (8) indicates the presence of both acidic and basic sites on the same metal 
oxide. The carbon monoxide adsorbed on the acidic site and oxygen on basic site to form 
intermediate as shown in Eq. (9) and finally CO2 gas will desorbs as in Eq. (10), 
regenerating the active sites as seen in Eq. (11) [34]. 

 

 
Figure 1.12 Reaction pathways of CO oxidation over the metallic oxides [34] 

 

1.4.3 Mechanism of the reduction of NOx 

Two main chemical reaction pathways of HC-SCR (hydrocarbon-selective catalytic 
reduction) are complete oxidation of hydrocarbons and selective reduction of NOx by 
oxygenated species that are produced from such hydrocarbons (as seen Figure 1.13). On 
the basis of complete oxidation pathway, methoxy radical which is variously derived from 
i-propoxy radical, acetate and acetyl radical is the essential intermediate species for this 
process. 

Methoxy radical can be oxidised by oxygen to generate water vapor directly. Along 
with water vapor formation, carbon dioxide is indirectly produced from methoxy radical 
via formyl radical. In terms of selective reduction of NOx route, nitromethane is the first 
intermediate which contain both carbon and nitrogen species. Nitromethane is created by 
either the reaction between surface acetate and nitrogen dioxide or the reaction of surface 
acetyl radical and nitrate. Both surface acetate and acetyl radical are derivative products 
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that generate from the same source, acetaldehyde. Acetaldehyde appears as the surface 
intermediate species which is produced from propane by oxidation processes via i-
propanol and i-propoxy radical species. Once nitromethane is formed, it is further 
chemically converted to nitrogen through nitromethylene, formaldiminoxy, nitrile N-oxide, 
cyanide and isocyanate respectively [99]. 

 

 
Figure 1.13 Chemical reaction pathways of selective catalytic reduction of NOx by propane [99] 

 
Model studies performed on Pt/BaO/Al2O3 suggested that the first step is the oxidation 

of NO to NO2, which is active species being adsorbed on the surface, even though kinetic 
studies could not distinguish whether surfaces nitrites are formed first and then oxidized to 
nitrates or whether both species are formed directly by a disproportionation mechanism 
(Figure 1.14). However, the final species that is strongly held on the surface and accounts 
for the majority of NOx stored appears to be a nitrate species, in particular at high 
temperature due to the low thermal stability of nitrite. Whatever is the true mechanism, it 
must be underlined that the kinetics and the extent of storage are heavily affected by the 
presence of water and CO2 in the exhausts: CO2 slows down the NOx adsorption kinetics as 
the reaction can more appropriately be seen as a transformation of surface carbonates into 
nitrates, e.g. CO2 strongly competes with NOx for the adsorption sites. This competition, 
on the other hand, increases the rate of NOx releases under the rich-spike. The effect of 
water is more controversial in that promotion of NOx adsorption was observed below 250 
◦C by addition of small amounts of water (1%), whereas at higher temperature an 
inhibition effect was observed. However, such promoting effect was not seen when both 
water CO2 were co-fed [67]. 
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Figure 1.14 Principle of operation of an NSR catalyst: NOx are stored under oxidising conditions (1) and then 

reduced on a TWC when the A/F is temporarily switched to rich conditions (2) [67] 
 

1.4.4 Reaction mechanism of three-way catalysts 
Figure 1.15 describes schematically the seven main steps involved in the conversion of 

the exhaust gas pollutants in a channel of a TWC, including mass transfer between the bulk 
gas and washcoat surface, pore diffusion, adsorption/desorption and chemical reaction. In 
brief, step 1 represents the transport of reactants from the bulk gas to the gas–solid 
interface (external mass transfer); step 2 represents the internal transport of reactants into 
the porous washcoat (internal mass transfer); step 3 represents the adsorption of reactants 
at the interior of catalyst particle; step 4 represents the chemical reaction of adsorbed 
reactants to adsorbed products; step 5 represents the desorption of adsorbed products; step 
6 represents the transport of products from the interior sites to the interface gas– solid of 
the washcoat and, finally, step 7 represents the transport of products from the gas–solid 
interface to the bulk fluid stream [100]. 

 
Figure 1.15 Schematic representation of the seven main steps involved in the conversion of the exhaust gas 

pollutants in a channel of a TWC [100] 
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A modeling and simulation study on Pt-catalyzed conversion of automotive exhaust 
gases is presented by J. Koop. The model is based on a newly developed surface reaction 
mechanism consisting of 73 elementary-step like reactions among 22 surface and 11 gas-
phase species (as seen in Table 1.2, Table 1.3, Table 1.4, Table 1.5) Reactions for the 
conversion of the major pollutants CO, CH4, C3H6, and NOx are included. The mechanism 
is implemented in a two-dimensional flow field description of a single channel of the 
catalytic monolith. The model is evaluated by comparison with data derived from 
isothermal laboratory experiments in a flat bed reactor with platinum-coated monoliths 
using synthetic lean/rich cycling exhaust gas mixtures. The influence of CO and C3H6 at 
lean and H2 at rich conditions on NO conversion is investigated, both at steady-state 
conditions. Furthermore, the model is also applied for the simulation of emissions of 
hydrocarbons, CO, and NO from a gasoline engine (stoichiometric exhaust gas) in a 
dynamic engine test bench [101].  

 
Table 1.2 Adsorption/desorption reactions on Pt catalyst [101] 

C3H6 + Pt(s) + Pt(s) → C3H6 (s) CO2 + Pt(s) → CO2(s) 
C3H6(s) → Pt(s) + Pt(s) + C3H6 CO2(s) → CO2 + Pt(s) 

C3H6 + Pt(s) + O(s) → C3H5(s) + OH(s) CO + Pt(s) → CO(s) 
 CO(s) → CO + Pt(s) 

C3H5(s) + OH(s) → O(s) + Pt(s) + C3H6  
CH4 + Pt(s) + Pt(s) → CH3(s) + H(s) NO + Pt(s) → NO(s) 

O2 + Pt(s) + Pt(s) → O(s) + O(s) NO(s) → NO + Pt(s) 
O(s) + O(s) → O2 + Pt(s) + Pt(s) NO2 + Pt(s) → NO2(s) 

 NO2(s) → NO2 + Pt(s) 
H2 + Pt(s) + Pt(s) → H(s) + H(s)  
H(s) + H(s) → H2 + Pt(s) + Pt(s) N2O + Pt(s) → N2O(s) 

 N2O(s) → N2O + Pt(s) 
H2O + Pt(s) → H2O N(s) + N(s) → Pt(s) + Pt(s) + N2 
H2O → H2O + Pt(s)  

Table 1.3 Surface reactions of propylene oxidation [101] 
C3H6(s) → C3H5(s) + H(s) C2H3(s) + O(s) → CH3CO(s) + Pt(s) 
C3H5(s) + H(s) → C3H6(s) CH3CO(s) + Pt(s) → C2H3(s) + O(s) 

C3H5(s) + Pt(s) → C2H3(s) + CH2(s)  
C2H3(s) + CH2(s) → C3H5(s) + Pt(s) CH3(s) + CO(s) → CH3CO(s) + Pt(s) 

C2H3(s) + Pt(s) → CH3(s) + C(s) CH3CO(s) + Pt(s) → CH3(s) + CO(s) 
CH3(s) + C(s) → C2H3(s) + Pt(s)  
CH3(s) + Pt(s) → CH2(s) + H(s) CH3(s) + O(s) → OH(s) + CH2(s) 
CH2(s) + H(s) → CH3(s) + Pt(s) OH(s) + CH2(s) → CH3(s) + O(s) 
CH2(s) + Pt(s) → CH(s) + H(s) CH2(s) + O(s) → OH(s) + CH(s) 
CH(s) + H(s) → CH2(s) + Pt(s) OH(s) + CH(s) → CH2(s) + O(s) 

CH(s) + Pt(s) → C(s) + H(s) CH(s) + O(s) → OH(s) + C(s) 
C(s) + H(s) → CH(s) + Pt(s) OH(s) + C(s) → CH(s) + O(s) 

C3H5(s) + O(s) → C3H4(s) + OH(s)  
C3H4(s) + 4O(s) + 2Pt(s) → 3C(s) +4 OH(s)  

 
The applied elementary-step mechanism includes dissociative adsorption of CH4, O2, H2 

and non-dissociative adsorption of NO, NO2, N2O, CO, CO2, C3H6, H2O and desorption of 
all species except CH4. Gas-phase reactions can be neglected due to the low pressure and 
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temperature in automotive catalytic converters. All reactions on platinum are modeled as 
reversible reactions. The developed mechanism can be subdivided into four parts: 

- The decomposition of hydrocarbons via abstraction of hydrogen atoms, 
- The oxidation of carbon monoxide to carbon dioxide, 
- The formation of water via an adsorbed hydroxyl species (OH), 
- Reactions for the conversion of nitrogen oxides [101]. 

Table 1.4 Surface reactions of CO oxidation [101] 
CO(s) + O(s) → CO2(s) + Pt(s) C(s) + O(s) → CO(s) + Pt(s) 
CO2(s) + Pt(s) → CO(s) + O(s) CO(s) + Pt(s) → C(s) + O(s) 

Table 1.5 Surface reactions of hydroxyl spices, NO and NO2 [101] 
H(s) + O(s) → OH(s) + Pt(s) NO(s) + Pt(s) → N(s) + O(s) 
OH(s) + Pt(s) → H(s) + O(s) N(s) + O(s) → NO(s) + Pt(s) 

OH(s) + H(s) → H2O(s) + Pt(s) O(s) + NO → NO2(s) 
H2O(s) + Pt(s) → OH(s) + H(s) NO2(s) → O(s) + NO 

OH(s) + OH(s) → H2O(s) + O(s) N(s) + NO(s) → N2O(s) + Pt(s) 
H2O(s) + O(s) → OH(s) + OH(s) N2O(s) + Pt(s) → N(s) + NO(s 

CO(s) + OH(s) → HCOO(s) + Pt(s) O(s) + NO(s) → NO2(s) + Pt(s) 
HCOO(s) + Pt(s) → CO(s) + OH(s) NO2(s) + Pt(s) → O(s) + NO(s) 
HCOO(s) + O(s) → OH(s) + CO2(s) H(s) + NO(s) → OH(s) + N(s) 
OH(s) + CO2(s) → HCOO(s) + O(s) OH(s) + N(s) → H(s) + NO(s) 
HCOO(s) + Pt(s) → H(s) + CO2(s) NO2(s) + H(s) → OH(s) + NO(s) 
H(s) + CO2(s) → HCOO(s) + Pt(s) OH(s) + NO(s) → NO2(s) + H(s) 

 

1.5 Aims of the thesis 
Today TWCs are based on combinations of Pt and/or Pd and Rh, alumina and ceria, 

together with a variety of support stabilizers, activity promoters, and selectivity improvers. 
Pt and Pd are considered as metal of choice to promote the oxidation reaction, even though 
Rh also has a good oxidation activity. There is a general agreement about the specificity of 
Rh to promote NO dissociation, thus enhancing the NO removal. Furthermore, Pt and Rh 
were used to give better conversion of all three pollutants than was possible with the 
individual components alone. The primary driving force in autocatalyst research and 
development has always been improved performance, while cost is also a consideration. In 
fact, there is a large demand for Pd due to the fact that the straightforward way to increase 
the efficiency of the TWCs at low temperatures is that of increasing the NM loading, and 
particularly that of Pd-the cheapest NM among the three employed. On the other hand, use 
of high NM loading may favour sintering at high temperatures, leading to deactivation of 
the TWCs, in addition to the fact that cost-effective TWCs are required by the market. In 
summary, the choice and loading of the NM is a compromise between the required 
efficiency of the converter and the market price of the NM. It is difficult to apply for 
treatment of exhaust gas in Vietnam due to the high price and vulnerable to poisoning by 
sulfur-containing compounds. Perovskites have been widely investigated as the oxidation 
and NO removal catalysts. Perovskites were even proposed as an alternative to NM 
supported catalysts since they present similar activities in oxidation. Since the specific 
surface area of perovskites is typically low, another approach to improve perovskite 
catalyst activity is loading the perovskite species onto higher surface area active supports.  

 The aim of this thesis is to find out the catalytic systems with low cost, easy to apply. 
Therefore, metallic oxides were selected. Although aim to focus on low cost catalyst from 
metallic oxides, the thesis still has the purpose to obtain effective catalyst as comparable 
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with that of noble catalysts. Therefore, the catalyst must be multiple oxides since the 
treatment was based on the ability of redox process and emission gases have many 
different components. Among metallic oxides investigated in literature, CeO2, Co3O4 and 
MnO2 were reported to be the best catalysts for pollutant treatment. However, there is no 
consensus about the composition of the catalyst that exhibits the highest activity and 
application. Catalysts based on MnO2, Co3O4, CeO2 was applied for treating CO and 
hydrocarbon due to high OSC and mobile oxygen (O-, O-2) in the lattice. Therefore, MnO2, 
Co3O4, CeO2 are component to be chosen to focus on. Other metal oxides such as NiO, 
ZrO2, BaO, CuO, V2O5, ZnO, SnO2, and WO3 would also be studied since they can help to 
increase the activity or the thermal resistant. Firstly, the catalytic activity of different single 
metallic oxides would be studied for the complete oxidation of hydrocarbon and CO in the 
deficient oxygen since it was believed that if a catalyst is good in O2 deficient condition, it 
may be better in O2 sufficient condition. Then, some mixtures of good metallic oxides 
would also tested. Based on that first screening, some potential catalysts would be further 
tested for the complete oxidation, which would lead to obtain several compositions of the 
final mixed oxides catalysts. The obtained catalysts would be further investigated for the 
oxidation of soot. 

  From obtained results for the separated treatment of hydrocarbon, CO and soot, the 
optimal catalysts based on MnO2, Co3O4, CeO2 and other oxides would be investigated in 
details for simultaneous treatment of pollutants in different reaction conditions. 
Furthermore, the composition of the catalysts was continuously optimized in order to 
produce the catalyst that not only exhibit the highest activity but also possess low price. 
The influence of composition of reactants, aging process with steam and SOx and the 
activation to activity of the catalyst would also be examined. Finally, in order to compare 
with the precious metal, the optimal catalyst would be impregnated on support and the 
obtained supported catalysts would be investigated for simultaneously treatment of 
pollutants (hydrocarbon, CO, NOx) in the exhaust gases. 
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2 EXPERIMENTAL 

2.1 Synthesis of the catalysts 

2.1.1 Sol-gel synthesis of mixed catalysts  
In this thesis, some single and multi-oxides used for active phases were synthesized by 

sol-gel method. Different from precipitation, solid-state reaction or spray drying, this 
method is based on the addition of an organic complexation agent (here citric acid) into the 
precursors. The presence of the organic complexation agent distinguishes this 
complexation method from the other methods owing to the complexation and gelation 
steps. These steps are influenced mainly by the atomic ratio of citric acid to metal cations 
and pH of the solution. It was shown that this sol-gel method leads to the formation of very 
pure and homogeneous catalyst powders exhibiting high surface area [107].  

 Different salts of Mn(NO3)2 (solution with the concentration 50% wt-Sigma Aldrich), 
Co(NO3)2.6H2O-Sigma Aldrich, Ce(NO3)3.6H2O-Merck, Ni(NO3)2.6H2O-Merck, 
Cu(NO3)2.6H2O-Merck, Zn(NO3)2.6H2O-Merck, NH4VO3-Sigma Aldrich, SnCl4.5H2O-
Merck, Ba(NO3)2.2H2O-Merck, (NH4)10W12O41.xH2O-Sigma Aldrich were dissolved in 
water in order to obtain the solution with the concentration of 0.125M.  

10%wt. citric acid solutions prepared from citric acid monohydrate - C6H8O7. H2O 
(99.5%, Merck). 

MnO2-Co3O4-CeO2 catalyst was synthesized by dropping a suitable amount of 
Mn(NO3)2 and Ce(NO3)3 solutions into a suitable volume of Co(NO3)2 solution 
corresponding to different MnO2/Co3O4/CeO2 molar ratios. If precipitation occurred, 
concentrated HNO3 solution was added until the precipitates disappear. A suitable amount 
of citric acid solution was dropped into the obtained solution with the molar ratio of citric 
to metals of 2. The obtained pink solution was stabled within 30 minutes and evaporated at 
60-80oC until the gel was obtained. The gel was then dried at 120oC for 3 hours. The 
obtained solid were calcinated at 550oC for 3 hours with the heating rate is 3oC/min.  

Single metallic oxides, bi-metallic oxides, other triple metallic oxides and tetra metallic 
oxides were synthesized similarly to MnO2-Co3O4-CeO2 samples. The catalyst was labeled 
correponding to the oxide molar composition. For example, MnCoCe 1-3-0.75 catalyst 
contains MnO2, Co3O4, CeO2 with the ratio MnO2/Co3O4/CeO2=1/3/0.75. 

  

2.1.2 Catalysts supported on γ-Al2O3 
In order to compare the activity of metallic oxide and precious metal, the metallic oxide 

catalysts were impregnated on commercial γ-Al2O3. A suitable amount of Mn(NO3)2, 
Co(NO3)2, Ce(NO3)3, citric acid solutions were dropped in a beaker and mixed for 1 hour. 
The support was dried at 120oC for 1 hour and then cooled down at room temperature.  
After that, a suitable amount of the mixed solution was impregnated on γ-Al2O3 to obtain 
different loading content (10-50%). The supported samples were dried at 80oC until drying 
completely and then calcinated at 550oC for 3 hours. Similarly, precious metal was 
impregnated on Al2O3 with the loading content as 0.1% and 0.5%. 

  

2.1.3 Aging process 
In order to study the influence of some factors such as temperature, steam, SO2 to 

catalytic activity, the catalyst was aged in some specific conditions (detail in Table 2.1).  
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The aging process were shown in Figure 2.1. Calcinated catalyst was loaded in a quartz 
tube with an inner diameter of 30 mm. This tube was put in a tube furnace 6. The catalyst 
were calcinated at 800oC for 24 hours with heating rate of 10oC/min in all of conditions.  
The temperature program was controlled and displayed by screen controller 5. Air was 
blown to aging tube by pump 1 via 2 lines. One line was connected to small quartz tube 
located in furnace 2 with inner diameter of 6 mm in order to form SO2 from FeS at 100oC.  
The velocity of the gas was 20 ml/min. Meanwhile, the other was plugged in water tank 3 
that was heated up by heater 4 with gas velocity of 440 l/h. The content of steam in air was 
57% and 27% volume correspond to water temperature was 65oC and 28oC. Valve 1 and 2 
on 2 gas lines were open or close depending on each condition. 

Table 2.1 Aging conditions of MnCoCe catalysts 
Steam Aging 

Condition 
Blowing Air  

(440 l/h) 27%V 57%V 

800oC/24h 
(10oC/min) 

SO2 
(0.5%) 

1 x   x  

2 x x  x  

3 x  x x  

4 x   x x 

5 x  x x x 

  

 
Figure 2.1 Aging process of the catalyst (1: air pump; 2,6: tube furnace, 3: water tank, 4: heater, 5,7: screen 

controller, V1,V2: gas valve) 
  

2.2 Physico-Chemistry Experiment Techniques 

2.2.1 X-ray Diffraction 

2.2.1.1 Principle 
X-ray diffraction is one of the oldest and most frequently applied techniques in catalyst 

characterization. It is used to identify crystalline inside catalyst by means of lattice 
structural parameters, and to obtain an indication of particle size. 

  A conventional X-ray source consists of a target (Cu or Co, etc. metal) that is 
bombarded with high energy electron. From this, narrow lines such as the Cu Kα line, with 
a specific energy (8.04 keV) and a specific wavelength (0.154 nm) arises. 
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  X-ray diffraction is the elastic scattering of X-ray photon by atoms in a periodic lattice. 
X-rays scattered by atoms in an ordered lattice interfere constructively in directions given 
by Bragg’s law: 

                                            nλ= 2d sinθ; n=1,2, etc.                                                    (2.1) 
where 
λ is the wavelength of the X-rays 
d is the distance between two lattice planes 
θ is the angle between incoming X-rays and  the normal to the reflecting lattice plane 
n is the an integer called the order of the reflection 
  The XRD pattern of a powdered sample was measured with a stationary X-ray source 

(usually Cu Kα) and a movable detector, which scans the intensity of the diffracted 
radiation as a function of the angle between the incoming and the diffracted beams. When 
working with powder samples, an image of diffraction lines occurs because a small 
fraction of the powder particles will be oriented such that by chance a certain crystal plane 
is at the right angle θ with the incident beam for the constructive interference. Rotation of 
the sample during measurement enhances the number of particles that contribute to 
diffraction.  

 
Figure 2.2 Illustrates how diffraction of X-rays by crystal planes allows one to derive lattice by using Bragg 

relation 
 
In catalyst characterization, diffraction patterns are mainly used to identify the 

crystallographic phases that present in the catalyst. 
  XRD has serious disadvantages as well. Because the technique is the based on the 

interference between reflecting X-ray from lattice planes, it requires samples that possess 
sufficient long-range order. Amorphous phases and small particles give either broad or 
weak diffraction at all, with the consequence that if catalysts contain particles with a large 
size distribution, XRD may only detect the larger ones. XRD at synchrotrons greatly 
improves the possibilities for the studies of small particles. Finally, the surface region is 
where catalytic activity resides, but this part of the catalyst is virtually invisible to XRD 
[98]. 

2.2.1.2 Application in thesis 
In this work, XRD patterns were mainly recorded using D8 Bruker Advanced 

diffactometer (Laboratory of the Petrochemical Refinering and Catalytic Materials, School 
of Chemical Engineering, Hanoi University of Science and Technology). The X-ray tube with 
a tungsten filament as the anode produces the X-rays. The monochromatic X-ray fall into the 
powder specimen, which is contained, on a specimen holder that can be turn an angle θ. The 
diffractometer has a Cu source with Cu Kα radiation (λ=0.154 nm). 
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With this radiation, the XRD reflections of some single oxides can be visualized as seen in 
Table 2.2. 
 

 Table 2.2 Strong line of some metallic oxides 
Phase  2θ, degrees (hkl) 

β-MnO2 (Body-
centered tetragonal) 

28.8 
(310) 

37.2 
(121) 

43 
(301) 

56.8 
(501) 

   

Co3O4 (Face-
centered cubic) 

31.37 
(220) 

36.88 
(311) 

44.87 
(400) 

59.5 
(511) 

65.3 
(440) 

  

CeO2 (Face-
centered cubic) 

28.6 
(111) 

33.1 
(200) 

47.36 
(220) 

56.33 
(311) 

   

NiO (Face-centered 
cubic) 

30.2 
(122) 

37.2 
(222) 

43.3 
(400) 

62.9 
(440) 

   

SnO2 
(Orthorhombic) 

26.8 
(112) 

33.8 
(006) 

38.5 
(122) 

52.5 
(118) 

54.77 
(133) 

  

CuO 
(Monoclinic) 

32.5 
(110) 

35.5 
(-110) 

39 
(200) 

46.3 
(-112) 

48.9 
(-202) 

53.4 
(020) 

61.51 
(-113) 

ZnO 
(Hexagonal) 

31.82 
(100) 

34.3 
(002) 

36.5 
(101) 

47.6 
(102) 

57.2 
(110) 

63.2 
(103) 

 

ZrO2 (Face-
centered cubic) 

30.5 
(111) 

35.1 
(200) 

50.6 
(220) 

60.2 
(311) 

   

γ-Al2O3 (Face-
centered cubic) 

19.3 
(111) 

31.9 
(220) 

37.6 
(311) 

39.5 
(222) 

45.8 
(400) 

60.5 
(511) 

66.7 
(440) 

V2O5 
(Orthorhombic) 

15.38 
(200) 

20.3 
(001) 

26.2 
(110) 

31 
(300) 

   

BaO (Face-centered 
cubic) 

28 
(111) 

32.5 
(200) 

46.7 
(220) 

55.4 
(311) 

58 
(222) 

  

WO3 (Monoclinic) 16 
(011) 

23.6 
(020) 

28.6 
(-112) 

36.9 
(-103) 

49.9 
(400) 

56 
(402) 

 

 

2.2.2 Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM) 

SEM belongs to the group of electron microscopy, which is a fairly straightforward 
technique to determine the size and shape of supported particles, which can also reveal 
information on the composition and internal structure of the particles. 

Scanning electron microscopy (SEM) is carried out by rastering a narrow electron beam 
over the surface and detecting the yield of either secondary or backscattered electrons as a 
function of the position of the primary beam (Figure 2.3). Contrast is caused by the 
orientation, parts of the surface facing the detector appear brighter than parts of the surface 
with their surface normal pointing away from the detector. The secondary electrons have 
mostly low energies (in the approximate range 5-50 eV) and originate from the surface 
region of the sample. Backscattered electrons come from deeper regions and carry 
information on the composition of the sample, because heavy elements are more efficient 
scatters and appear brighter in the image. 
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Figure 2.3 The interaction between the primary electron and sample in an electron microscope leads to a 

number of detectable signals [98] 
 
Emitted X-rays are characteristic of an element and allow for a determination of the 
chemical composition of a selected part of the sample. This technique refers to as energy 
dispersive X-ray analysis (EDX, EDAX) [98]. 

Transmission Electron Microscopy (TEM) is a technique where an electron beam 
interacts and passes through a specimen. The electrons are emitted by a source and are 
focused and magnified by a system of magnetic lenses. The geometry of TEM is shown in 
Figure 2.4.  

 
Figure 2.4 Transmission electron microscopy with all of the components [98] 

 
The electron beam is confined by the two condenser lenses, which also control the 

brightness of the beam, passes the condenser aperture and “hits” the sample surface. The 
electrons that are elastically scattered consist the transmitted beams, which pass through 
the objective lens. The objective lens forms the image display and the following apertures, 
the objective and selected area aperture are used to choose of the elastically scattered 
electrons that will form the image of the microscope. An electron microscope offers 
additional possibilities for analyzing the sample. Diffraction patterns (spots from a single-
crystal particle and rings from a collection of randomly oriented particles) enable one to 
identify crystallographic phases as in XRD. 

Finally, the beam goes to the magnifying system that is consisted of three lenses, the 
first and second intermediate lenses that control the magnification of the image and the 
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projector lens. The formed image is shown either on a fluorescent screen or in monitor or 
both and is printed on a photographic film [98]. 

SEM images were obtained by using Hitachi S4800 instruments scanning electron 
microscope (Institute of Science Material, Vietnam academic of Science and Technology 
and National Institute of Hygiene and Epidemiology). TEM images and EDX results were 
collected from JEOL JEM.1010 Electron Microscope (National Institute of Hygiene and 
Epidemiology) and HRTEM Tecnai G2 F20 equipment (Electron Microscopy and 
Microanalysis Laboratory, Advance Institute of Science and Technology, Hanoi University 
of Science and Technology). 

 

2.2.3 BET method for the determination of surface area  
The monolayer capacity of a solid can be used to calculate its specific surface area, S, 

m2/g. The monolayer capacity is defined as amount of adsorbate that can be accommodated 
in a completely filled single molecular layer, a monolayer, on the surface of one gram of 
solid. It is related to the specific surface area S by the simple equation: 

                                                               S= nmamL                                                       (2.2) 
  Where am is the average area occupied by a molecule of adsorbate in the completed 

monolayer and L is the Avogadro constant; nm the monolayer capacity, being expressed in 
the modes of adsorbate per gram adsorbent. 

  A frequently used adsorption model that allow for the adsorption in multilayer has 
been introduced by Brunauer, Emmett, Teller and is known as the BET equation. It is 
based on the following assumptions: 

- The adsorption process terminates at multilayer coverage. 
- All adsorption sites are energetically equivalent. 
- The surface of adsorbent is flat. 
- There is no mutual interaction between the adsorbed molecules or atoms (no lateral 

interactions). 
- The adsorbed molecules or atom are localized (immobile adsorption). 
- The adsorption forces are short-range forces. 
- In the first adsorbed layer the heat of adsorption is assumed to be higher than in all 

other adsorbed layer, where the heat of adsorption is the set equal to the latent heat of 
condensation of the adsorbed gas. 

The BET equation is written as: 

                                       








 o
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                                           (2.3) 

  Where V is the volume of gas (STP-standard temperature and pressure) adsorbed and 
Vm is the volume of gas (STP) adsorbed in monolayer. The quantity c is equal to exp(Q-
L)/RT, in which Q is the heat of adsorption in the first adsorbed layer and L is the latent 
heat of condensation of the gas, equal to the heat of adsorption in the following layer. The 
relative pressure of the gas is P/P0. 
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Figure 2.5 The BET plot [105] 

 
In the practical application of the BET method, the volume of adsorbed gas is measured 

at a constant temperature as a function of the partial pressure and a plot is made of P/V(P-
P0) against P/P0. In order to determine the specific surface area, P/P0 value was from 0.05 
to 0.3. 

  The intercept 1/Vmc and the tangent of α, (c-1)/Vmc, readily permit calculation of Vm 
and c, nm is found from Vm, the number of moles of adsorbate per gram of adsorbent in the 
monolayer. Finally, S(BET), the BET surface area, is calculated from equation (2.2) [105]. 

The specific surface area of the samples were measured at 77 K by the BET method using N2 
adsorption apparatus on a ASAP 2010-Micromeritic (Laboratory of the Petrochemical 
Refinering and Catalytic Materials, School of Chemical Engineering) and Micromeritics VII 
2390t (Laboratory of Environmental Friendly Material and Technology, Advance Institute of 
Science and Technology), Hanoi University of Science and Technology. 

 

2.2.4 X-ray Photoelectron Spectroscopy (XPS)  

2.2.4.1 Principle 
XPS is among the most frequently used techniques in catalysis. It yields information on 

the elemental composition, the oxidation state of the elements and in favorable cases on the 
dispersion of one phase over another. When working with flat-layered samples, depth-
selective information is obtained by varying the angle between sample surface and the 
analyzer. 

XPS is based on the photoelectric effect, in which an atom absorbs a photon of energy 
h, next a core or valence electron with binding energy Eb is ejected with kinetic energy 
(Eq. 2.4, Figure 2.6): 

                                                    Ek = h - Eb -                           (2.4) 
Where Ek is the kinetic energy of the photoelectron 
h is Planck’s constant 
 is the frequency of the exciting radiation 
Eb is the binding energy of the photoelectron with respect to the Fermi level of the 

sample 
 is the work function of the spectrometer 
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Routinely used X-ray sources are Mg K (1253.6 eV) and Al K (1486.3 eV). In XPS 
one measures the intensity of photoelectrons N(E) as a function of their kinetic energy. The 
XPS spectrum however, is usually a plot of N(E) versus Ek, or, more often, versus the 
binding energy Eb [98, 102]. 

 
Figure 2.6 Photoemission and the Auger process.  

Left: An incident X-ray photon is adsorbed and a photoelectron emitted. Measurement of its kinetic energy 
allows one to calculate the binding energy of the photoelectron. The atom stays behind as an unstable ion with 
a hole in one of the core levels. Right: The excited ion relaxes by filling the core hoel with an electron from a 
higher shell. The energy released by this transition is taken up by another electron, the Auger electron, which 

leaves the sample with an element-specific kinetic energy. In Auger spectroscopy a beam of energetic (2-5 keV) 
electrons creates the initial core hole [98] 

 

2.2.4.2 Application in thesis 
X-ray photoelectron spectroscopy (XPS) measurements were carried out using a S-

Probe monochromatized XPS spectrometer from Surface Science Instruments (VG) with 
an Al Kα X-ray (1486.6 eV) monochromatic source (Department of Inorganic and Physical 
Chemistry, Ghent University, Belgium). The measured surface was 250 μm by 1000 μm 
with a flood gun set to 3 eV. Experimental data were processed using the software package 
CasaXPS (Casa Software Ltd., UK). All spectra were calibrated for a carbon 1s peak at 
284.6 eV  

The technique used to mould a sample for an analysis is pressing the powder into 
pellets. Atoms and their binding energy analyzed in the present work are as follows [105]: 

Table 2.3 Binding energy of some atoms [105] 
Atom Binding energy (eV) 
O 1s 531.6 
C 1s 284.6 
Mn 2p3/2 650 
Co 2p3/2 786 
Ce 3d3/2 902 
Ce 3d5/2 882.5 

The binding energy of C1s (284.6 eV) was chosen as reference. 
The atomic concentration (%) of each atom is calculated as an area of the peak times 

corresponding sensitivity factor. The atomic ratio of Mn/Co/Ce is calculated as the ratio 
amongst three corresponding atomic concentrations. 
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2.2.5 Thermal Analysis 

2.2.5.1 Principle 
Thermal analysis (TA) is a group of techniques in which a property of the sample is 

monitored against time or temperature while the temperature of the sample in a specified 
atmosphere, is programmed. 

The following is two techniques which is most common used in TA [103] 
Table 2.4 Description of thermal analysis techniques [103] 

Technique Abbreviation Property Use 
1. Thermo gravimetric 
analysis 

TGA Mass Decompositions 
Dehydrations 
Oxidation 

2. Differential thermal 
analysis 

DTA Temperature 
difference 

Phase changes 
Reactions 

In differential thermal analysis (DTA), the difference in temperature between the 
sample and an inert reference is measured during a programmed temperature change. The 
temperature difference between sample and reference should be the same until some 
thermal event, such as melting, decomposition or change in crystal structure, occurs, in 
which case the sample temperature either lags behind (if the change is endothermic) or 
leads (if the change is exothermic) the reference temperature. The arrangement used in 
DTA is shown in Figure 2.7 (a).  

 
Figure 2.7 The DTA method. (b) a typical DTA trace, results from the arrangement shown in (a) [103] 

Sample and reference are placed side by side in a heating block which is heated or 
cooled at a constant rate, identical thermocouples are placed in each and are connected 
‘back to back’. When the sample and reference are at the same temperature, the net output 
of this pair of thermocouples is zero. When a thermal event occurs in the sample, a 
temperature difference T exists between sample and reference which is detected by the 
net voltage of the thermocouples. A third thermocouple is used to monitor the temperature 
of the heating block and the results are presented as T against temperature (b). A 
horizontal baseline, corresponding to T = 0, occurs and superposed on this a sharp peak 
due to the thermal event in the sample. The temperature of the peak is taken either as the 
temperature at which deviation from the baseline begins, T1, or as the peak temperature, 
T2. While it is probably more correct to use T1, it is often not clear where the peak begins 
and therefore, it is more common to use T2. The size of the T peak may be amplified so 
that events with very small enthalpy changes may be detected. DTA cells are designed for 
maximum sensitivity to thermal changes, but this is often at the expense of losing a 
calorimetric response, thus peak areas or peak heights are only qualitatively related to the 
magnitude of the enthalpy changes occurring [103]. 
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TGA detect changes in mass of the samples due to reaction, vaporization, etc. The 
results appear as a continuous record as shown in Figure 2.8. The sample is heated at a 
constant rate and has a constant mass Mi, until it begins to decompose at temperature Ti. 
Under conditions of dynamic heating, decomposition usually takes place over a range of 
temperatures, Ti to Tf, and a second constant mass plateau is observed above Tf, which 
corresponds to the mass of the residue Mi. The masses Mi and Mf and the difference M 
are fundamental properties of the sample and can be used for quantitative calculations of 
compositional changes, etc. By contrast, the temperatures Ti and Tf depend on variables 
such as heating rate, the nature of the solid (e.g. its particle size) and the atmosphere above 
the sample. Ti and Tf pertain to the particular experimental conditions and do not 
necessarily represent equilibrium decomposition temperature [104]. 

2.2.5.2 Application in thesis 
TGA-DTA spectra in this thesis were recorded using NETZSCH STA 449F3 equipment 

(Department of Inorganic and Physical Chemistry, Ghent University, Belgium) and Perkin 
Elmer PYRIS Diamond apparatus (Vietnam Institute of Chemical Industry). 

TGA-DSC spectra were obtained using NETZSCH STA 409PC instrument (Laboratory 
of the Petrochemical Refinering and Catalytic Materials, School of Chemical Engineering, 
Hanoi University of Science and Technology). 

In order to determine the activity for soot oxidation of the catalyst, the mixture of soot 
and catalyst was heated from the room temperature (RT) to 700oC, 800oC or 1000oC with 
the heating rate of 5oC/min in the air flow of 20ml/min. 

 

 
Figure 2.8 Schematic TGA curve for a single step decomposition reaction [104] 

2.2.6 Infrared Spectroscopy 

2.2.6.1 Principle 
Infrared spectroscopy can be considered as the first modern spectroscopic technique that 

has found general acceptance in catalysis. The most common application of infrared 
spectroscopy in catalysis is to identify adsorbed species and to study the way in which 
these species are chemisorbed at the surface of the catalyst. In addition, the technique is 
useful in identifying phases that are present in precursor stages of catalyst during its 
preparation. IR and Raman in-situ can help to identify active species during the reactions.  

Vibrations in molecules or in solid lattices are excited by the absorption of photons 
(infrared spectroscopy) or by scattering of photons (Raman spectroscopy) (Figure 2.9). 
Infrared spectroscopy is the most common form of vibration spectroscopy. The sample 
consists typically of 10-100 mg of catalyst, pressed into a self-supporting disk of 
approximately 1 cm2 and a few tenths of a millimeter in thickness.  
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Figure 2.9 Ways to perform vibration spectroscopy: Transmission infrared [105] 

In the diffuse reflectance mode, samples can be measured as loose powders, with the 
advantages that not only the tedious preparation of wafers is unnecessary but also diffusion 
limitations associated with tightly pressed samples are avoided. Diffuse reflectance is also 
the indicated technique for strongly scattering or adsorbing particles. The often-used 
acronyms DRIFT or DRIFTS stand for diffuse reflectance infrared Fourier transform 
spectroscopy. The diffusely scattered radiation is collected by an ellipsoidal mirror and 
focused on the detector. The infrared absorption spectrum is described the Kubelka-Munk 
function: 

                                                 K/S = (1- R)2/ 2 R                         (2.5) 
In which 
K is the absorption coefficient, a function of the frequency  
S is the scattering coefficient 
R is the reflectivity of a sample of infinite thickness, measured as a function of  
Nowadays, energy-dispersive instruments have largely been abandoned in favor of 

Fourier-Transform Infrared (FTIR) spectrometers operating on the principle of the 
Michelson interferometer. These instruments have the great advantage that the entire 
spectrum is obtained for each scan the interferometer makes, with the result that the total 
collection time needed to measure a spectrum is much lower. 

Optical components can be made of KBr, with a low energy cut – off 400 cm-1. The 
source is usually a temperature-stabilized ceramic filament operating around 1500K [105]. 

 

2.2.6.2 Application in thesis 
IR spectra were obtained in KBr pellets using a Perkin Elmer RXI spectrometer 

(Laboratory of the Petrochemical Refinering and Catalytic Materials, School of Chemical 
Engineering, Hanoi University of Science and Technology). 

Table 2.5 Specific wave number of some function group or compounds 
Sample or group Wave number (cm-1) Literature 

Co3O4 nano cubes 665 573   [116] 
Co3O4 hollow sphere 666.24 581.80   [117] 

Co3O4 nanorods 665.7 576.8   [118] 
β-MnO2 708 539 481 417 [119] 

CeO2 nanocubic 480    [120] 
O-H (H2O) 3393 1652   [105] 
C=O (CO2) 2350 1548 1417  [105] 

CO 2143    [105] 
 



Synthesize and investigate the catalytic activity of three-way catalysts based on mixed 
metal oxides for the treatment of exhaust gases from internal combustion engine  

Nguyen The Tien                                      
                                                                          53  

2.2.7 Temperature Programmed Techniques 

2.2.7.1 Principle 
The instrumentation for TP investigations is relatively simple. The set-ups for 

temperature programmed reduction (TPR) and temperature programmed desorption O2 
studies of catalysts are shown in Figure 2.10. The reactor, charged with catalyst with the 
mass of 0.1-1g, is controlled by a processor, which heats the reactor at a rate of typically 
0.1 to 20oC/min. For TPR, a thermal conductivity detector (TCD) measures the hydrogen 
content of the gas mixture before and after reaction. With this type of apparatus, a TPR 
spectrum is a plot of the hydrogen consumption of a catalyst as a function of temperature. 
In these cases, a TCD is inadequate and a mass spectrometer is required in order to detect 
all of the reaction products. For TPD O2, 10%O2/He mixture gas was used. The heating 
rates used in TPD can be much higher than those used for TPR, and are typically between 
0.1 and 25 K per second. The concentration of desorbing species is usually measured with 
a quadrupole mass spectrometer, but can also be determined with an ionization manometer 
or by monitoring the work function of the sample [106].  

 

 
Figure 2.10 Experimental set-ups for temperature programmed (TP) reduction, oxidation and 

desorption. The reactor is inside the oven, the temperature of which can be increased linearly in 
time. Gas consumption by the catalyst is derived from the change in thermal conductivity of the gas 

mixture; it is essential to remove traces of water, etc., because these would affect the thermal 
conductivity measurement. The lower part of the figure shows a TP apparatus equipped with a 

mass spectrometer [106] 
 

2.2.7.2 Application in thesis 
TPR-H2 and TPD O2 profiles of the catalysts were measured with a AutoChem 2920 II 

– Micromeritics device (Laboratory of the Petrochemical Refinering and Catalytic 
Materials, School of Chemical Engineering, Hanoi University of Science and Technology). In 
TPD O2 characterization, about 0.1 g of the sample was heated from room temperature to 
300oC for 1 hour with the heating rate of 10oC/minutes in gas flow of 10%O2/He (40 
ml/min). Afterward, the sample was cooled down to 120oC in He flow. A flow 10% O2/He 
was flowed for 1 hour at 120oC. Then, the temperature was increased to 700oC with the 
heating rate 10oC/min and the sample was heated for 30 minutes. The adsorbed oxygen 
was calculated from the signal of TCD. In TPR-H2 analysis, about 0.1 g of the sample was 
cleaned in a He flow for 60 min at 300oC with a heating rate of 10oC/min. Afterward, the 
sample was cooled to room temperature. A flow of 10.2% H2/Ar was flowed through the 
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sample while the temperature was increased to 750oC with a heating rate of 10oC/min. The 
sample was reduced by H2; the H2 concentration in the flow was detected using a TCD 
detector. The consumed H2 for the reduction was calculated based on the difference 
between the H2 signal before the reduction and after the reduction. 

 

2.3 Catalytic test  

2.3.1 Micro reactor setup 
Catalytic activities were measured in a micro reactor set up with an internal diameter of 

0.4 cm. Prior to use, the catalyst pellets were pressed, ground and sieved into 250-300 μm 
particles, 0.1 g of the obtained catalyst was used for each reaction. The reaction 
temperature was measured using a thermocouple attached at the position of the catalyst bed 
inside an electric furnace. The temperature of the catalytic bed was directly controlled by 
the proportional_integral_derivative (PID) controller of the furnace. 

  
Figure 2.11 Micro reactor set up for measurement of catalytic activity 

 
In complete oxidation of C3H6, the total reactant gas flow was 80ml/min. The 

composition of mixture gases in C3H6 oxidation was indicated in Table 2.6. For saturated 
hydrocarbon, C3H8/O2 ratio is from 2/2 to 2/12. To evaluate the influence of H2O, the 
reactant gases were flowed through a water bubbler at 25oC. The water concentration was 
calculated as 2% by simulation method with a Hysys program.  

 
Table 2.6 Composition of mixture gases at different reaction conditions for C3H6 oxidation 

Concentration, % Composition 
Deficient oxygen 

condition 
Excess oxygen condition 
with co-existing of CO 

Excess oxygen condition with 
co-existing of CO and H2O 

C3H6 2.5 0.9 0.9 
CO 0 0.3 0.3 
O2 2.5 5 5 

H2O 0 0 2 
N2 Balance Balance Balance 
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In CO oxidation, the volume composition of gas flow was in different conditions (detail 
in Table 2.7) and the reaction temperatures range from room temperature to 500oC.  

 
Table 2.7 Composition of mixture gases at different reaction conditions for CO oxidation 

Concentration,% Composition 
Deficient oxygen 

condition 
Sufficient oxygen 

condition 
Excess oxygen 

condition 
CO 16 13.33 4.44 
O2 4 6.67 7.22 
N2 Balance Balance Balance 

In soot treatment, catalytic activities were measured in a micro (or differential) reactor 
set up with an internal diameter of 0.8 cm and length of 60 cm.  Catalysts prepared by 
pressing catalyst powders in a hydraulic presser, grinding the obtained pellets and sieving 
into desired particle sizes (250-300 μm) was used with a total gas oxygen flow of 40 
ml/min (for oxygen) or 184 ml/min (for exhaust gas) at a pressure of 1 atm. Before 
measuring the catalytic ability, soot and catalyst were mixed by hand carefully. The 
volume composition of gas flow was O2/N2=5/95 (percentage) or composition in reaction 
condition 1 (Table 2.8).The reaction temperatures were 500oC for 425 minutes. Mass ratio 
of catalyst-soot (cat-soot) was 1-1, 2-1 and 10-1. 

In three-pollutant treatment, the volume compositions of gas flow are shown in Table 
2.8. The composition of pollutants in condition (1) was also applied for simultaneous soot 
treatment. 

For the reaction at low temperature, MnCoCe 1-3-0.75 was first activated in a gas 
O2/CO flow (O2/CO=1.6) with the total flow 368 ml/min. Then, this catalyst was used for 
treating pollutant in reaction condition 2 at room temperature (25oC).  

 
Table 2.8 Composition of mixture gases at different reaction conditions for treatment of CO, C3H6, NO 

Concentration of pollutant in different reaction conditions,% Composition 1 2 3 4 5 6 7 
CO 4.35 4.35 4.35 4.35 4.35 4.35 4.35 
O2 7.06 7.65 6.95 9.78 9.89 6.52 7.65 

C3H6 1.15 1.15 0 1.15 1 1.15 1.15 
C6H6 0 0 0.5 0.2 0.2 0 0 
NO 1.77 0.59 0.59 0.59 0.59 0.59 0.59 
CO2 0 0 0 0 0 0 6.2 
N2 Balance Balance Balance Balance Balance Balance Balance 
λ 1.0034 1.0034 1.0103 1.0201 1.1098 0.86 1.0034 

2.3.2 The analysis of the reactants and products 
The temperature program of the analysis method of GC and retention time of some 

related chemicals are shown in Table 2.9 and  
Table 2.10.  Analysis of propylene, oxygen, CO2, CO, NO and oxygenate products was 

performed using an on-line Focus–Thermo Scientific gas chromatograph with a thermal 
conductivity detector (TCD) or Trace GC Ultra with TCD connect to flame ionization 
detector (FID). C3H6, NO and oxygenate products were detected with a column of 80/100 
chromosorb and a column of carbowax (HC column) 20M in series while CO2, CO, O2 
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were detected with a column of 60/80 carboxen and a column of 80/100 porapak in series 
(COx column). 

Table 2.9 Temperature Program of analysis method for the detection of reactants and products 
Value Temperature Program 

HC column (TCD, FID) COx column (only TCD) 
Initial Temperature (oC) 60 45 

Hold time 1 (min) 1 5 
Heating rate (oC/min) 60 15 
End temperature (oC) 170 170 

Hold time 2 (min) 7.17 10 
Total time (min) 10 20 

 
Table 2.10 Retention time of some chemicals  

Retention time, min Chemical 
HC column  COx column 

O2, N2 0.72  5.98 
CO2 1.01  7.6 
CO 1.01  7.9 
NO 1.14 15.25 

C3H6 2.52   
CH3-OH 3.50  

CH3-CH2-OH 4.18  
Iso-propanol 4.64  
H3C-O-CH3 4.69  
Acid Axetic 6.57  

2.3.2.1 Hydrocarbon oxidation 
From GC analysis, important parameter of the reaction is determined: 

- The conversion (Conv): the ratio of the amount of reacted (consumed) reactant to 
the amount of reactant introduced into the reactor:  

                                  %100
63

6363 



bypassHC

afterHCbypassHC

C
CC

Conv                                            (2.6) 

- The selectivity (Sel): the amount of the desired product obtained per amount of 
consumed reactant (propylene) is given by: 
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In which:  
bypassHCC

63
: the concentration (%V) of C3H6 in the bypass flow or the concentration of 

C3H6 before reacation. 
afterHCC

63
: the concentration (%V) of C3H6 after reaction. 

)(63 convHCC : the concentration (%V) of totally converted C3H6 which is determined by 
equation (2.11) 

)(63 COxHCC  : the concentration (%V) of C3H6 that is converted into CO2 and CO 

2COC : the concentration (%V) of CO2 in the flow after reaction 

COC : the concentration (%V) of CO in the flow after reaction 

2COC : the concentration (%V) of CO2 in the flow after reaction 

oxC : the concentration (%V) of oxygenated products in the flow after reaction which is 
determined by equation (2.10). 
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Figure 2.12 The relationship between concentration of C3H6 and peak area  
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Figure 2.13 The relationship between concentration of CO2  and peak area 
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y = 3E-06x + 0.1573
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Figure 2.14 The relationship between concentration of CO  and peak area 

 
Concentration of CO2, CO and C3H6 were determined from the standard curve (Figure 

2.12,  Figure 2.13 and Figure 2.14), presented the relationship of the concentrations of CO2 
and C3H6. 

2.3.2.2 CO oxidation 
Conversion of CO is determined by equation:  

Conv.CO=
CO inlet CO outlet

CO inlet 

C – C
C x100(%) 

2.3.2.3 Soot treatment 
Conversion of soot is detemined by equation: 

Conv.soot=
( ) ( )

100%
( )

before after

before

m soot m soot
m soot


  

Mixture of soot and catalysts was weighted before and after reaction. 

2.3.2.4  Three -pollutant treatment 
Conversion of CO, C3H6 and NO is determined by the correspond equations: 

. 100% 100%CObypass COoutlet CObypass COoutlet
CO

CObypass CObypass
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C A
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C H
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A: peak area 
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3 RESULTS AND DISCUSSIONS 

3.1 Selection of components for the three-way catalysts 
The selection of components for the three-way catalyst is not a simple task since the 

catalyst should have not only oxidation ability (for oxidation of CO and hydrocarbon) but 
also reduction ability (for reduction of NOx), thus, should possessing different active 
components. The catalyst should be a mixture of components. Therefore, the selection of 
component for three-way catalysts will be based on the evaluation of catalytic activity of 
different metallic oxides and their mixtures. The selection was first performed on the 
oxidation of CO and C3H6 separately to find promising candidates. Only good oxidation 
catalysts will be studied further for treatment of NO in the followed sections. 

3.1.1 Study the complete oxidation of hydrocarbon  

3.1.1.1 Single and bi-metallic oxide 
As seen from literature review, many catalysts were investigated for hydrocarbon 

treatment. However, there are not yet agreement about the composition of the best catalyst. 
Therefore, some samples were studied systematically in order to find potential catalysts 
that exhibit the highest activity. 

The catalytic properties of MnOx-based catalysts are attributed to the ability of 
manganese to form oxides of different oxidation states and to their high oxygen storage 
capacity (OSC) [36]. It can be seen that, Co3O4 resulted in high propylene consumption but 
low CO2 selectivity [108].  Therefore, in this study, mixtures between MnO2 and Co3O4 
were investigated. Chemical mixtures of CeO2 and Co3O4 were also studied since the 
results in [108] showed that Co3O4 exhibited high propylene conversion at low temperature 
although it did not exhibit high CO2 selectivity at high temperatures. Meanwhile, CeO2 
exhibited high CO2 selectivity at high temperatures although its propylene conversion was 
not as high as that of Co3O4 at low temperatures. Therefore, when CeO2 and Co3O4 were 
mixed together, the obtained catalysts may exhibit high conversion of propylene at low 
temperatures and high CO2 selectivity at high temperatures. The catalyst were firstly tested 
in oxygen deficient condition because it was believed that if a catalyst is good in O2 
deficient condition, it may be better in O2 sufficient condition. 

Catalytic activities of the bi-metallic oxides were determined based on both the 
propylene conversion and the CO2 selectivity at temperature ranges from 200oC to 500oC 
(figure A1, A2, A4, A5 - annex 1.1). Experiment data showed that amongst investigated 
samples with the content of one oxide component altered from 10 – 90%, the samples 
MnCo 1-3, MnCo 7-3 and CeCo 1-4 possess the highest C3H6 conversion at all 
temperatures. The catalytic activity of these samples were presented in Figure 3.1. The 
results showed that the activity of these mixtures were significantly higher than that of the 
pure components MnO2, Co3O4, CeO2. This was in accordance with the  S.Todorova’s 
results [36] when studying some mixtures of Mn-Co oxides. The catalytic activity of both 
single component cobalt and manganese was similar, however, a combination of these 
oxides (the molar atomic ratio Mn/Co of 5/15 and 15/5) change significantly its activity. 
The metallic oxide operated in hydrocarbon oxidation through Mars and Van Krevelen 
mechanism and their redox play a key role. As seen in the literature [80], MnO2 exhibited 
high oxygen storage capacity, fast oxygen adsorption and oxide reduction rate meanwhile 
Co3O4 possessed high active electrophilic oxygen for hydrocarbon oxidation. Thus, some 
MnO2-Co3O4 samples possess high activity of both single components due to the 
combination of two oxides at favorable molar ratios. 
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Figure 3.1 Catalytic activity of some mixed oxide MnCo, CoCe and single metallic 

oxide in deficient oxygen condition 
 
Since exhibited good activity under deficient oxygen condition, MnCo 1-3 and CeCo 1-

4 catalysts  were chosen to test for activity under excess O2 condition. It was clear from the 
Figure 3.2 that propylene conversion was 89.26% at 250oC and 100% from 300oC on 
MnCo 1-3 catalyst, 87% from 2500C on CeCo 1-4 catalyst. The catalyst catalyzed 
essentially the formation carbon dioxide. CO2 selectivity was quite stable at all 
temperatures with value of approximate 90%. Meanwhile CO selectivity was very low 
(<10%) and oxygenated product was formed insignificantly under excess oxygen 
condition. 
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Figure 3.2 Catalytic activity of MnCo 1-3 and CeCo 1-4 catalysts in excess oxygen condition 
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Figure 3.2 shows that activity of CoCe mixture was lower than that of MnCo mixture. 
However, from Figure 3.3 activity of this mixture could be improved by increase O2/C3H6 
ratio. In this case, the presence of CO didn’t decrease the activity of the catalyst (condition 
a). The presence of H2O, nevertheless decrease a little activity of this catalyst since the 
catalyst only obtained 100% conversion from 250oC instead of 200oC as in the case of 
without H2O (condition b). 
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Figure 3.3 C3H6 conversion of CeCo1-4 in different reaction conditions (condition a: excess oxygen condition 
with the presence of CO: 0.9 %C3H6, 0.3%CO, 5%O2, N2 balance, condition b: excess oxygen condition with 

the presence of CO and H2O: 0.9 %C3H6, 0.3 %CO, 2% H2O, 5 %O2, N2 balance)   
With the aim to explain for the good activity of Mn-Co and Ce-Co mixtures, several 

characterizations were performed. XRD pattern of CeO2-Co3O4 chemical mixtures 
(CeCo=1-4) showed the presence of CeO2 which was more recognized and Co3O4 phase 
which was less recognized due to the high amorphous nature of  Co3O4.  
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b) 

Figure 3.4 XRD patterns of CeCo=1-4, MnCo=1-3 chemical mixtures and some pure single oxides 
Instead, the peaks belonged to CeO2 phase slightly shifted to the higher 2θ value, 

indicating a formation of solid solution of CeO2 and Co3O4, in which Ce3+ replaced for 
Co3+ in its structure (Figure 3.4a). Due to the change in structure, the CeO2-Co3O4 
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chemical mixtures possessed surface areas around 45 m2/g, which were higher than those 
of pure CeO2 (33 m2/g) and pure Co3O4 (11 m2/g). Similarly, XRD pattern of MnCo 1-3 
only showed the peaks belongs to Co3O4, meanwhile, MnO2 peaks couldn’t be seen. The 
peaks of Co3O4 slightly shifted to the lower 2θ value that indicated the formation of MnO2-
Co3O4 solid solution in which manganese ion replaced for cobalt ion in structure (Figure 
3.4b). This may be one of the reasons for the higher activity of the mixtures compared to 
pure components. 

For a clearer explanation, TPR-H2 profiles of pure and mixed oxides were investigated. 
TPR - H2 of these samples in Table 3.1 showed that Co3O4 exhibited an excellent mobility 
of oxygen as it consumed the highest H2 quantity amongst the investigated catalysts. 
Co3O4 was also reduced at lower temperatures than CeO2, which explained for the fact that 
Co3O4 exhibited good activity at lower temperature than CeO2. The chemical mixtures of 
CeCo 1-4 and MnCo 1-3 did not possess a larger quantity of mobile oxygen than pure 
Co3O4 but was reduced at lower temperature (279oC and 352.8oC, respectively), therefore, 
the chemical mixture of CeCo 1-4 and MnCo 1-3 was able to convert propylene at lower 
temperature than Co3O4. 

 
Table 3.1 Quantity of hydrogen consumed volume (ml/g) at different reduction peaks in TPR-H2 profiles of 

pure CeO2, Co3O4, MnO2 and CeO2-Co3O4, MnO2-Co3O4 chemical mixtures 
            
Temperature 
at maximum 

CeO2 
(33 m2/g) 

Co3O4 
(11 m2/g) 

MnO2  
(5.61 m2/g)  

CeCo 1-4 
(45 m2/g) 

MnCo 1-3 
(13.94 m2/g) 

279    28.97  
339.6   27.05   
352.8     26.33 
364    12.21  
430  250.54    

434.1   113.14   
474 4.62     

479.6     231.27 
503    101.25  
580  39.25    
694 6.23     

Total 10.85 289.79 140.19 142.43 257.6 

3.1.1.2 Triple metallic oxides 
As seen from Figure 3.2, MnCo 1-3 and CeCo 1-4 exhibited good activity for 

hydrocarbon oxidation. Furthermore, as seen in literature, MnO2-Co3O4-CeO2catalyst with 
25% wt.Co3O4/Mn0.9Ce0.1O2 [112] and the atomic ratio of Mn:Co:Ce=1:8:1 [113] 
possessed very high oxidation property. These catalysts could convert CO completely 
under rich H2 condition at low temperature. Therefore, MnO2-Co3O4-CeO2 chemical 
mixture with the molar ratio of MnCoCe 1-3-0.75, in which the optimal MnO2/Co3O4 ratio 
and CeO2/Co3O4 ratio obtained from the previous section were mostly maintained, was 
studied for the oxidation of unsaturated hydrocarbon C3H6, saturated hydrocarbon 
C3H8 and aromatic hydrocarbon C6H6  under sufficient oxygen condition (Figure 3.5).  

 From Figure 3.5, it can be seen that C3H6 was easier oxidized than C3H8 with 
conversion of 96.07 % and 98.01 % at 200 and 250oC, respectively. At higher temperatures 
(from 300oC), the conversion of C3H8 and C3H6 was approximately the same. The catalyst 
also exhibited superior activity for complete oxidation of C6H6 when reaching maximum 
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conversion from 300oC. Compared to MnCo 1-3 and CeCo 1-4 and especially single 
MnO2, Co3O4, CeO2, hydrocarbon conversion on MnCoCe 1-3-0.75 was much higher. 
Characterization of single metallic oxides (MnO2, Co3O4, and CeO2) and triple oxides 
MnO2-Co3O4-CeO2 were performed to explain the phenomenon. 
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Figure 3.5 Conversion of C3H6, C3H8 and C6H6 on MnCoCe 1-3-0.75 catalyst  under  sufficient oxygen 

condition 
Figure 3.6 showed the SEM images of MnCo 1-3 fresh, MnCoCe 1-3-0.75 before and 

after C3H8 oxidation reaction. The particle diameters of MnCo 1-3 and triple oxides were 
approximate 30 nm, 10-15 nm, respectively. The smaller particle size can cause the higher 
activity of MnCoCe compared to that of bi metallic oxide (MnCo 1-3). After reaction, 
particle size of MnCoCe did not change significantly but there is a trend of sintering. This 
is due to the high temperature of the reaction and exothermic phenomena of complete 
oxidation reaction. 

  
a b c 

Figure 3.6 SEM images of MnCo 1-3 fresh (a),MnCoCe 1-3-0.75 before (a) and after (b) reaction under 
sufficient oxygen condition (O2/C3H8=5/1)  

 
 Figure 3.7 presented XRD pattern of fresh MnCoCe 1-3-0.75 sample and the original 

oxides (MnO2, Co3O4, CeO2). The mixed catalyst only exhibited the highest reflection of 
Co3O4 at 2θ= 31.2o, 36.6o, 44.6o, 59o and 65o due to the highest content of this oxides. No 
XRD peaks belonged to MnO2, CeO2 can be detected. Compared to XRD patterns of 
mixture of CeO2, Co3O4, MnO2 (Figure 3.4), it could be seen that with the presence of 
MnO2, the replace of Co for Ce in structure of CeO2 was disappeared. Instead, a solid 
solution in which other cations (manganese and cerium) replaced for cobalt in the structure 
of Co3O4 can be formed from these oxides, as there is a shift of Co3O4 reflection to lower 
value. 



Synthesize and investigate the catalytic activity of three-way catalysts based on mixed 
metal oxides for the treatment of exhaust gases from internal combustion engine  

Nguyen The Tien                                      
                                                                          64  

400

300

200

100

0

In
te

ns
ity

, a
.u

706050403020
2 theta, degrees

MnO2

CeO2

Co3O4

MnCoCe  1-3-0.75

CeO2 CeO2
CeO2 CeO2

MnO2 MnO2
MnO2 MnO2

Co3O4 Co3O4 Co3O4

Co3O4

Co3O4

Co3O4

Co3O4 Co3O4

 
Figure 3.7 XRD pattern of MnCoCe 1-3-0.75 and original oxides  

 

3.1.2 Study the complete oxidation of CO  

3.1.2.1 Catalysts based on single and bi-metallic oxide 
As seen in our previous study [108] and previous section, some single and mixed oxides 

exhibited high activity for C3H6 oxidation. In this section, these potential catalysts were 
also studied for CO oxidation. Furthermore, some other single oxdies, which have been 
reported having good activity for CO oxidation such as SnO2, ZnO, CuO, etc were also 
studied, the mixtures of these oxides were also investigated (figure A8, annex 1.2.1). 
Single oxide catalysts MnO2, SnO2, ZnO, Co3O4 and mixtures containing 10-90% mol of a 
components in the bi-metallic oxide catalysts have been tested in oxygen deficient 
condition because it was believed that if a catalyst is good in O2 deficient condition, it may 
be better in O2 sufficient (figure A10, figure A12, figure A13- annex 1.2.2). From this first 
screening of catalysts, some activity of potential samples: MnO2, Co3O4, MnZn 9-1, MnSn 
4-6 and MnCo 1-3  were continue to be measured under sufficient oxygen condition.  

The results are shown in Figure 3.8. It can be seen that MnO2 are the catalysts exhibited 
the highest activity. The catalyst is able to convert almost 100% CO from 100oC. 
Meanwhile MnCo 1-3, MnZn 9-1, MnSn 4-6, Co3O4 only converted completely CO from 
150oC, 200oC, 250oC, respectively. 
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Figure 3.8 CO conversion of some catalysts in sufficient oxygen condition 
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Figure 3.9 showed SEM images of MnO2-Co3O4=1-3 before and after CO oxidation in 
sufficient O2 condition. It can be seen that, the fresh sample contains fine particles with the 
size of about 40 nm. After reaction, the catalyst was sintered drastically. The particles 
tended to shrink. This was due to the low thermal resistant of the sample at high 
temperature and strong exothermic effect of CO oxidation. Therefore, although this 
catalyst exhibited high activity, it is still need to be improved to increase it thermal 
stability. 

  
a b 

Figure 3.9 SEM images of MnCo=1-3 before (a) and after (b) reaction under sufficient oxygen condition 

3.1.2.2 Triple oxide catalysts MnCoCe  
As seen above, MnO2-Co3O4=1-3 exhibited high activity for both CO and hydrocarbon 

oxidation.  From the experimental data in section 3.1.1, it can be seen that, the addition of 
CeO2 in the mixture with the MnO2/Co3O4 ratio of 1-3 (MnO2-Co3O4-CeO2=1-3-0.75) 
possessed very high activity for hydrocarbon oxidation. Furthermore, Q.Guo [113] showed 
that the catalyst with Co:Ce:Mn atomic molar ratio of 8:1:1 exhibited the best low-
temperature CO oxidation activity in hydrogen-rich gases. 100% CO conversion could be 
obtained over this catalyst at 80– 180oC with the feeding gas of 1 vol.% CO, 1 vol.% O2, 
50 vol.% H2 and N2 balance under the space velocity of 40000 h-1

. Therefore, the catalyst 
with the molar ratio of MnO2/Co3O4/CeO2 =1-3-0.75 was continued to study on CO 
oxidation. 

Catalytic activities of single and mixed oxides are presented in Figure 3.10. In this 
figure, MnCoCe 1-3-0.75 (SG) synthesized by citric sol-gel method was compared with the 
sample synthesized by mechanical mixing from original oxides MnCoCe 1-3-0.75 (MC) to 
explore the influence of the structure change on the catalytic activity.  It was clear that both 
MnO2 and Co3O4 single oxides exhibited very good activity for the complete oxidation of 
CO; they were able to convert 100% CO from 100oC and 150oC, respectively. In the mean 
times, CeO2 was only able to catalyze to oxidize 100% CO at high temperatures (above 
350oC). MnCoCe 1-3-0.75 (SG) decreased significantly the minimum temperature of the 
maximum conversion (100%)-called T100 to 60oC. This temperature was much lower than 
that of CeO2 (400oC) and even that of MnO2-Co3O4 (150oC). However, MnCoCe 
mechanical mixed sample (MC) exhibited the same activity as those of the single Co3O4 
and MnO2-Co3O4 =1-3 catalysts. Thus, the change in the structure of the chemical mixed 
catalyst with the replace of manganese and cerium for cobalt (as seen in XRD patterns in 
Figure 3.7) improved its catalytic activity. 
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Figure 3.10 CO conversion of original oxides (MnO2, Co3O4, CeO2) and mixtures of these oxides in excess 

oxygen condition (O2/CO=1.6) 
 In order to clarify the reason for the different catalytic activity of the samples, TPR H2 

measurements were performed to investigate the oxidation-reduction properties of the 
samples as seen in Figure 3.11 and Table 3.2. The results clearly showed that the oxidation 
property of Co3O4 is the highest of the pure oxides but appears at higher temperature (from 
430oC) while MnO2 exhibit oxidation property at lower temperatures (from 340oC) 
although the consumed hydrogen on MnO2 is much lower than that on Co3O4. When MnO2 
and Co3O4 were mixed in the sample MnCo=1-3, the minimum temperature of the 
reduction (352oC) did not decrease compare to pure phases and the total consumed 
hydrogen was not excess that of pure Co3O4. However, when CeO2 was added, the 
chemical mixed MnO2-Co3O4-CeO2 sample exhibits the highest total consumed hydrogen, 
i.e, the highest oxidation property compared to the pure oxides and the sample MnCo=1-3. 
The reduction of this three-component sample also occurred at the lowest temperature 
(317oC). Oppositely, pure CeO2 exhibits low oxidation property with a low total consumed 
hydrogen and at high temperature.  
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Figure 3.11 TPR H2 profiles of the mixture MnCoCe 1-3-0.75 (a), MnCo 1-3 (d) and pure 

MnO2(c), Co3O4 (b), CeO2 (e) samples 
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Table 3.2 Consumed hydrogen volume (ml/g) of the mixture MnO2-Co3O4-CeO2 1-3-0.75 
Temperature at 

maximum 
316.7 381.6 580.4 Total (ml/g) 

Consumed H2 28.03115 104.40416 164.02066 296.45597 
 

According to the literature [113], Co3O4 exhibited two reduction peaks, corresponding 
to the reduction of Co3O4 to CoO (at 300oC) and CoO to Co0 (at 430oC), respectively. 
However, P. Arnoldy et al. [123] reported one broad peak spectrum at 317oC for Co3O4. 
This peak was reported broader than the reduction peak of CoO, indicating that in fact two 
reduction steps (Co3+  Co2+  Co0) take place. CeO2 exhibited a weak and broad 
reduction peak at about 500oC, which is attributed to easily reducible surface Ce4+ species 
[124]. The addition of CeO2 to Co3O4 led to a new reduction peak at higher temperature 
(600oC). This peak was attributed to the reduction of Co2+ interacting with ceria [113]. 
Mnn+ could be easily reduced to MnO between 200 and 500oC. According to L. Xuesong et 
al., the TPR-H2 profile of MnO2 was featured by a main reduction peak at 308oC with a 
slight shoulder at the onset of the reduction (200oC). The shoulder reduction peak was 
related to the readily reduced small clusters of surface manganese oxides and the intensive 
peak represents the reduction of MnO2 to MnO without the formation of intermediate 
Mn3O4 [124]. However, Q. Guo et al. [113] revealed that the addition of MnO2 to Co3O4 
had a little influence on the reduction behavior of Co3O4. Meanwhile, the TPR-H2 profile 
of MnOx-CeO2 showed two reduction peaks at 200-450oC, corresponding to the typical 
two step reduction of MnO2: the first step is ascribed to the reduction of MnO2/Mn2O3 to 
Mn3O4, and the second step is ascribed to the combined reduction of Mn3O4 to MnO and 
surface Ce4+ to Ce3+ species. The addition of ceria to manganese oxide affected the 
mobility of the oxygen on the catalyst surface and facilitates the reduction of maganese 
oxide from MnO2 to Mn3O4 [124]. 

It was also proposed that the higher valence state of cobalt, i.e. higher Co3+/Co2+ ratio 
in CoOx, would led to higher catalytic activity for CO oxidation [125]. The addition of 
ceria to cobalt oxide was thus proposed to result in the increase of Co3+/Co2+ ratio, and the 
addition of Mn to ceria – cobalt oxide mixed catalyst could further enhance this ratio [113]. 
In this present work, TPR H2 profile of Co3O4 showed that there are a main peak at about 
430oC and only a little peak at higher temperature (about 600oC). This observation was 
different from what obtained by Q. Guo et al. [113] but was more in an accordance with P. 
Arnoldy et al. [123], which showed that the observed broad peak at 430oC indicated both 
reduction steps: Co3+  Co2+  Co0. The little peak at high temperature might be a type of 
modified or interacted Co ions. The differences in TPR H2 and XRD pattern of Co3O4 in 
this work compared to the published one [113] may be due to the fact that the preparation 
method influenced significantly on the obtained oxides since the published paper [113] 
prepare their catalysts by co-precipitation method using sodium carbonate. Also difference 
from what reported by L. Xuesong et al. [124], TPR H2 of MnO2 sample in our work 
showed 2 peaks at 340oC and 434oC, thus, two reduction steps: MnO2  Mn3O4  MnO 
were clearly separated here. TPR H2 profile of CeO2 in this work is in a good accordance 
with the literature when showed 2 small peaks at high temperatures. When MnO2 was 
mixed with Co3O4, TPR H2 profile show two reduction peaks at 353 and 480oC, which 
looks almost as the same as that of MnO2 or Co3O4 pure oxide as reported by Q. Guo et al. 
[113]. Especially, in the TPR H2 profile of the three-component sample - chemical mixed 
MnO2-Co3O4-CeO2, the reduction peaks not only appeared at lower temperatures than 
those of MnO2 and MnO2-Co3O4 samples, but also resulted in a new reduction peak at high 
temperature (580oC). Q. Guo et al. [113] also observed this peak when CeO2 was added to 
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Co3O4 and assigned this peak to the reduction of Co2+ interacting with ceria. TPR H2 
profile of a sample containing Co3O4 and CeO2 with the same ratio (Co3O4/CeO2 = 4/1) as 
in the MnO2-Co3O4-CeO2 sample was also measured to compare. It was turning out that 
the TPR H2 profile of the three component MnO2-Co3O4-CeO2 sample looks almost as the 
same as that of this Co3O4-CeO2 sample. However, the total hydrogen consumed on the 
Co3O4-CeO2 sample was much lower than those of MnO2-Co3O4-CeO2 sample and even 
Co3O4 sample. Since this last H2 consumption peak at high temperature was much broader 
and higher compared to that of pure CeO2, suggesting the existence of a strong interaction 
between manganese-cobalt and ceria, which modified the redox properties of manganese 
and oxygen mobility of the cerium. This observation was also reported by Z. Zhao et al. 
[112] for a Co3O4 catalyst on CexMn1-xO2 composite support (20%Co3O4/Ce0.85Mn0.15O2). 
Thus, the interactions of three components MnO2-Co3O4-CeO2 improved the oxidation 
property of the chemical mixed MnO2-Co3O4-CeO2 catalyst, therefore, improve its 
catalytic activity.  
 

Table 3.3 Adsorbed oxygen volume (ml/g) of some pure single oxides (MnO2, Co3O4, CeO2) and chemical 
mixed oxides MnCoCe 1-3-0.75 

Temperature at 
maximum 

MnO2 Co3O4 CeO2 MnCoCe  
1-3-0.75 

103.3  0.04821   
143.3   0.70054  
168.9    1.03968 
172.1 1.06482    
257.1    1.87882 
347.3  0.36254   
348.4 0.30641    
367.7    1.51032 
380.2   2.43649  
463.1    1.16543 
581.9    0.33244 
644   0.66247  

659.3 0.42489    
695.7 0.0672    
696.6  0.16394   
Total  1.86332 0.57469 3.7995 5.92669 

 
The good ability to adsorb oxygen of chemical mixture MnCoCe 1-3-0.75 compared to 

its single metallic oxides is proved by TPD O2 results as shown in Table 3.3. From the 
data, it can be seen that among single metallic oxides, CeO2 adsorbed the highest oxygen 
amount meanwhile Co3O4 adsorb O2 at the lowest temperature. However, the adsorbed 
oxygen amount of MnCoCe 1-3-0.75 was the highest (5.92669 ml/g) compared to single 
metallic oxides. 

Figure 3.12 showed IR spectra of pure oxides, MnCoCe 1-3-0.75 mechanical and 
chemical mixtures, MnCo 1-3 synthesized by sol-gel method. All of samples possessed 
peaks at wave number of 3400 cm-1, 2350 cm-1, 1650 cm1. The peaks at 3400 cm-1 and 
1650 cm-1 belonged to O-H bond of water due to the adsorbed water on the surface of the 
catalysts. Meanwhile, wave number at 2350 cm-1 belonged to CO2 adsorption on the 
surface of samples. Co3O4, MnCo 1-3 and MnCoCe 1-3-0.75 exhibited two peaks at 660 
and 560 cm-1 belonged to Co3O4 due to the highest content of this oxide in the sample. 
Two peaks at 534 cm-1 and 481 cm-1 of MnO2 wasn’t presented in the mixed oxides. Thus, 
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IR spectra showed that no difference between mechanical and chemical mixture samples. It 
mean that the change in structure of chemical mixed sample was not clear enough to be 
detected by IR. 
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Figure 3.12 IR spectra of some catalyst ((1): CeO2; (2): Co3O4; (3): MnO2; (4): MnCo 1-3; 

(5):MnCoCe 1-3-0.75 (MC); (6): MnCoCe 1-3-0.75 (SG)) 
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Figure 3.13 XRD pattern of MnCoCe 1-3-0.75 synthesized by sol-gel and mechanical mixing method 
 

From the XRD pattern of MnCoCe 1-3-0.75 prepared by sol-gel and mechanical mixing 
method in Figure 3.13, it could be seen that the peaks belonged to Co3O4 shift to lower 2θ 
value. It may be due to manganese and cerium replaced for cobalt in the structure of Co3O4 
to form the solid solution of three oxides. To clarify the change in the structure, XPS of 
catalyst MnCoCe 1-3-0.75 synthesized by sol-gel and mechanical mixing was continued to 
be examined as shown in Figure 3.14.  

According to Q. Guo et al. [113], Co3O4 contains two distinct types of cobalt ion, Co2+ 
in tetrahedral sites and Co3+ in octahedral sites. The 2p3/2 binding energy of Co2+ is close 
to that of Co3+, while the two oxidation states of cobalt can be distinguished by a distinct 
shake up satellite of Co2+ at about 786 eV in Figure 3.14 a. In the chemical mixed oxides 
containing both Ce and Co, the satellite of Co2+ was observed decreased since some 
oxygen in ceria was incorporated into cobalt to form higher valence state cobalt, which is 
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assumed to be related to the well-known oxygen storage function of ceria [125]. It was 
already proposed that the higher valence state of cobalt would lead to higher catalytic 
activity for CO oxidation [125]. 
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Figure 3.14 XPS measurement of Co 2p region (a), Ce 3d region (b), Mn 2p region (c) and O 1s region (d) of 
the mechanical mixture (1) and chemical  MnCoCe 1-3-0.75 sample (2) 

 
According to L. H. Chang et al. [127], in XPS spectrum of CeO2 may exist both Ce3+ 

and Ce4+. The presence of more Ce4+ had been proposed to increase the CO conversion. 
However, Figure 3.14 b indicated that XPS spectra of two MnO2-Co3O4-CeO2 samples did 
not significantly different and shows only the presence of Ce4+ at peaks 916, 901, 898, 882 
eV, Ce3+ peaks couldn’t be detected. Therefore, the activity for CO oxidation was 
increased. 

In Figure 3.14. c, Mn2p3/2 binding energy of the sol-gel catalyst was also observed 
slightly shifted to the higher value compared to that of the mechanical mixture, which may 
be due to the partial reduction of Mn4+ to Mn3+ [124, 125]. It may be related to the 
interaction between Mn4+ and Co2+ to form Co3+ and Mn3+. Thus, the ratio of Co3+/Co2+ 
increased that lead to higher activity for CO oxidation (as seen above). 

The O1s XPS spectra of the mechanical and chemical mixed samples in Figure 3.14. d 
showed a main peak at lower binding energy of 530-529 eV and a shoulder peak at higher 
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binding energy of 532 eV. The former was assigned to the lattice oxygen and the latter is 
attributed to the adsorbed oxygen species or surface OH species [51]. It could be seen from 
Figure 3.14 d that the shoulder at 532 eV of the chemical mixed sample was more than that 
in the mechanical mixed catalyst, proving that the chemical mixed sample adsorb more 
oxygen atoms.   

XPS measurement also showed the composition at the surface of the sample changed 
slightly as indicated in Table 3.4. The surface atomic composition of the catalyst also 
showed that the composition of the surface as detected by XPS was enriched of Mn 
compared to the theoretical bulk composition. The chemical mixed sample showed much 
more enrichment of Mn at the surface. This may be the reason for higher activity of the 
chemical samples. 

 
Table 3.4 Surface atomic composition of the  sol-gel and mechanical sample 

 Theoritical bulk composition 

of the fresh catalyst 

Mechanical mixtures 

MnCoCe 1-3-0.75   (MC) 

Chemical mixture 

MnCoCe 1-3-0.75  (SG)  

Ce (at %) 7.079646 23 8.1 

Co (at %) 83.62832 67 64.4 

Mn (at %) 9.292035 10 27.5 

 
From characterization results (XRD-Figure 3.7 and Figure 3.17, TPR-H2-Figure 3.11, 

XPS-Figure 3.14, TPD O2-Table 3.3) it can be concluded that some interactions of MnO2, 
Co3O4 and CeO2 were occurred, in which, ion manganese and ceria replaced for ion cobalt 
in the structure of Co3O4 at the favorable ratio of these oxides. This can caused the catalyst 
MnCoCe 1-3-0.75 exhibited not only the highest mobility oxygen ion in the lattice but also 
the highest adsorbed oxyen. Thus, the catalyst MnCoCe 1-3-0.75 showed superior activity 
of CO oxidation decreased significantly T100 of CO as 600C. 

3.1.2.3 Influence of MnO2, Co3O4, CeO2 content on catalytic activity of MnCoCe 
catalyst 

The previous results showed that the mixed catalyst MnCoCe=1-3-0.75 exhibited 
excellent activity for the complete oxidation of CO.  The question was raised that if the 
other MnO2-Co3O4-CeO2 with different composition exhibit the same property. Therefore, 
several mixed MnO2-Co3O4-CeO2 catalysts were tested for the reaction. Firstly, the molar 
ratio of MnO2/Co3O4 of 1/3 was remained while CeO2 composition was altered. XRD 
patterns of this catalyst family were presented in Figure 3.15, which showed that all 
catalysts exhibited high amorphous natures. Their structures were very similar and close to 
that of Co3O4. The other catalyst family with a higher amount of MnO2 (the molar ratio of 
MnO2/CeO2 of 7/3: MnCoCe 7-3-1.11, MnCoCe 7-3-2.5, MnCoCe 7-3-4.29) were also 
tested. Their XRD patterns (Figure 3.16) showed that their structures were also as the same 
as those of the family with the molar ratio of MnO2/Co3O4 of 1-3 and Co3O4 but the main 
peak of Co3O4 shifted to lower 2theta value than that of the MnO2-Co3O4 = 1-3 family, 
proving that Co3+ ions in the structure were replaced more by Mn4+ and Ce4+. Besides, 
since the content of MnO2 and CeO2 are high in the MnO2-Co3O4 = 7-3 family, some single 
CeO2 peaks were still detected. 
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Figure 3.15 XRD patterns of MnO2-Co3O4-CeO2 samples with MnO2-Co3O4=1-3(MnCoCe 1-3-0.17 (a), 

MnCoCe 1-3-0.38 (b), MnCoCe 1-3-0.75 (c), MnCoCe 1-3-1.26 (d); MnCoCe 1-3-1.88 (e) 
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Figure 3.16 XRD patterns of MnO2-Co3O4-CeO2 samples with MnO2-Co3O4=7-3: MnCoCe 7-3-4.29 (a), 

MnCoCe 7-3-2.5 (b) and MnCo=7-3 (c) 
 

The mixed oxides MnO2-Co3O4-CeO2 samples possessed different surface area as seen 
in Figure 3.17. The mixed oxides MnO2-Co3O4-CeO2 possess much higher surface area 
than the single ones and mixed MnCo sample, except the sample with high CeO2 content 
(30% mol), which possessed equivalent surface area as CeO2 sample (33 m2/g). The 
increase of the surface areas of the mixed oxides indicates that there may be a change in 
the structures of the mixed samples although this change could not be detected clearly by 
XRD. The increase of surface areas of the mixed oxides may be one of the reasons for the 
enhancement of their catalytic activity. The surface area of all mixture catalyst were much 
higher than the calculated value from single components of the system. Nevertheless, the 
surface areas of the mixed sample do not change logically depending on single oxide 
(MnO2, Co3O4 or CeO2) contents. Thus, surface area of the samples may also be influenced 
by the synthesis procedure. 
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Figure 3.17 Specific surface area of MnCoCe catalysts with different MnO2/Co3O4 ratios 

  
Catalytic activities of the catalyst family with the molar ratio of MnO2/Co3O4 of 1-3 

were presented in Figure 3.18. The results showed that the addition of CeO2 in the mixture 
of MnO2-Co3O4 decreased the temperature of 100% CO conversion from 150oC to 50-
60oC. However, when CeO2 was added into other MnO2-Co3O4 mixtures, e.g, the mixture 
with the molar ratio of MnO2/Co3O4 of 7-3 (MnCoCe 7-3-1.11, MnCoCe 7-3-2.5, MnCoCe 
7-3-4.29), the T100 of the mixed samples significantly decrease any more. In that case, the 
temperature of 100% CO conversion was higher than 140oC.  
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Figure 3.18 Temperature to reach 100% CO conversion (T100) of mixed MnO2-Co3O4-CeO2 samples with the 
molar ratio of MnO2-Co3O4 of 1-3 (a) and MnO2-Co3O4=7-3 (b) with  different CeO2 contents 
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 Since the triple oxide catalyst MnO2-Co3O4-CeO2 exhibited very high activity not only 
for the oxidation of hydrocarbon but also for the oxidation of CO, the samples were 
continuously investigated for soot oxidation and simultaneous pollutants. 
 

3.1.3 Study the oxidation of soot 
Because the soot ignition temperature is very high (usually >550oC), thus, it is needed 

to activate it at lower temperature. From the results of section 3.1.1, 3.1.2 it can be seen 
that the catalysts MnCoCe 1-3-0.75 exhibited the highest activity for oxidation of 
hydrocarbon and CO, in this section, this catalyst and single oxides were continously 
investigated for oxidation of soot. Meanwhile, V2O5 was known as the oxide showed high 
activity for soot oxidation [59]. With the aim to increase soot treatment of MnCoCe 1-3-
0.75 catalyst, V2O5 was doped into the triple oxides catalyst. Some catalysts based on these 
potential oxides were investigated for soot treatment by TG-DTA, DSC method in an air 
flow (20ml/min) and in the reactor set-up with the gas flow containing 5% O2/N2 at 500oC.  
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Figure 3.19  TG-DSC and TG-DTA  of soot (a), mixture of soot-Co3O4 (b), soot-MnO2 (c), soot-V2O5 (d) with 

the weight ratio of soot-catalyst of 1-1 
First, catalytic activity of some single oxides for soot treatment was measured by TG-

DTA, TG-DSC and the results were shown in Figure 3.19 and Table 3.5. The maximum peak 
temperature was presented as reference temperature of the maximum reaction rate. When 
comparing to fresh soot, the favorable catalyst can reduce Tmax obviously. It could be seen that 
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from room temperature to 450oC, the mass curves changed a bit due to the evaporation of 
water located in pores of samples. Almost exothermic phenomena did not occur in this 
temperature range. From 450oC to 700oC, the sample mass decreased strongly to 97.97%, 
48.24%, 49.49%, 45% and Tmax was 655.6oC, 621.4oC, 639.5oC, 586.47oC for fresh soot, soot- 
Co3O4, and soot-MnO2, soot-V2O5, respectively. The total combustion of pure soot (without 
any catalyst) exhibited very high combustion temperature. In the presence of catalysts, the 
temperature was slightly decreased. In fact, the conversions of soot were 96.48% for soot- 
Co3O4, 98.98% for soot- MnO2, 89.38% for soot-V2O5 because the mass ratio soot/catalyst was 
one. Small endothermic peaks at 894oC and 939.5oC for the second and third sample with a 
little change of mass might be assigned the reduction of the catalyst by remained soot of these 
oxides at high temperature. Soot conversion of V2O5 was slightly lower than that of other 
catalysts. 

Table 3.5 Tmax and soot conversion of mixture of  single oxides and soot in TG-DTA (DSC)  diagrams 
Sample Tmax, oC Soot conversion, % 

Soot 655.6 97.97 
MnO2 + soot 639.5 98.98 
Co3O4 + soot 621.4 96.48 
V2O5+ soot 586.47 89.38 

 
As known in literature, the range of exhaust temperature was from 120oC to 500oC for 

diesel engine and the exhaust gas contain 10-15% oxygen [67]. Meanwhile from Figure 3.19 
a, soot could be burn off at above 650oC. It is needed to active soot ignition to lower 
temperature. Therefore, the temperature for testing catalytic activity in the reactor set up was 
chosen as 500oC. The condition of experiment was harsh because of the high ratio between 
soot and catalyst (1/1) and the flow containing low concentration of oxygen 5% (section 2.3.1). 

 
Table 3.6 Catalytic activity of single oxides for soot treatment 

Catalyst Soot conversion(%) CO2 selectivity(%) 

(non-catalyst) 49.75 68.84 

CeO2  64.63 88.79 

V2O5 86.60 83.98 

Co3O4 57.69 98.33 

MnO2 59.02 99.31 

 
Activity of soot oxidation of some catalysts based on single metallic oxides was 

determined using micro reactor set up were described in Table 3.6. The conversion of non-
catalyst sample was approximate 50% with low CO2 selectivity. This was undesired since 
CO was toxic component in exhaust gas. V2O5 exhibited good property at both criterions 
(above 80%). Meanwhile, although soot conversion of other catalysts was low but the 
desired product CO2 was high due to the high OSC and high oxygen mobility of oxides. As 
seen in literature, CeO2 has a high ability to convert propylene with high CO2 selectivity at 
all investigated reaction temperatures due to a high oxygen storage capacity (OSC) as 
discussed in literature [29, 31, 32, 36]. Co3O4 had a high CO2 selectivity from low 
temperatures but a low CO2 selectivity at high temperatures. MnO2 showed high activity 
for CO2 selectivity but it was unstable at high temperatures [56, 89]. 

As seen above, V2O5 exhibited high soot conversion but medium CO2 selectivity. MnCoCe 
1-3-0.75 exhibited very high activity for complete oxidation of CO and hydrocarbon. With the 
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aim to enhance soot treatment, V2O5  was added to MnCoCe 1-3-0.75  with the amount from 
10 to 90% molar percent. Figure 3.20 showed the XRD patterns of the catalysts based on 
MnO2, Co3O4, CeO2 and V2O5. It can be seen that, MnCoCe 1-3-0.75 only exhibited peaks 
belonged to Co3O4. Meanwhile, MnCoCeV catalysts showed the highest reflections of Co3O4 
and V2O5 (at 2θ=31o).  No peak belonged to CeO2 and MnO2 can be detected. The reason 
maybe the content of these oxides were low or the particle size maybe small.     
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Figure 3.20 XRD patterns of MnCoCe 1-3-0.75 (1), MnCoCeV 1-3-0.75-0.53 (2), MnCoCeV 1-3-0.75-3.17 (3) 

 
Figure 3.21 and Table 3.7 showed the activity of catalysts based on MnO2, Co3O4, 

CeO2 and V2O5 with the Tmax and soot conversion determined by TG-DTA technique with 
the end temperature as 800oC. In TG-DTA diagrams, the exothermic peaks were broad at 
large temperature range that close to 600oC. Thus, Tmax of these samples was determined as 
600oC. Compare to non-catalyst sample, MnCoCeV reduced the Tmax (decrease 55.6oC). 

  
a b 

  
c d 

Figure 3.21 TG-DTA of mixtures of soot and catalyst (a: MnCoCe 1-3-0.75, b: MnCoCeV 1-3-0.75-1.19, c: 
MnCoCeV 1-3-0.75-3.17, d: MnCoCeV 1-3-0.75-42.9) 
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Table 3.7 Tmax and soot conversion of mixture of multiple oxides and soot determined from TG-DTA diagrams 
Sample Tmax, oC Soot conversion, % 

MnCoCe 1-3-0.75 + soot 600 87.8 
MnCoCeV 1-3-0.75-1.19 + soot 600 99 
MnCoCeV 1-3-0.75-3.17+ soot 600 94.6 
MnCoCeV 1-3-0.75-42.9+ soot 600 88.9 

Table 3.8 showed the activity of these catalysts for soot treatment at 500oC in the gas 
flow containing 5%O2/N2. Soot conversion of the catalysts was from 56% to 77% 
meanwhile CO2 selectivity was from 74 to 99%. Among these samples, MnCoCe 1-3-0.75 
exhibited the highest CO2 selectivity and the sample MnCoCeV 1-3-0.75-3.17 (containing 
40% V2O5) presented the highest soot conversion compared to other MnCoCe and 
MnCoCeV catalysts although it was still lower than that of single metallic oxide V2O5.  

Table 3.8 Catalytic activity of multiple oxides for soot treatment at 500oC 
Catalyst Soot conversion(%) CO2 selectivity(%) 

MnCoCe 1-3-0.75  58.5 99.3 
MnCoCeV 1-3-0.75-0.53  55.85 98 
MnCoCeV 1-3-0.75-1.19  60.89 85.54 
MnCoCeV 1-3-0.75-3.17 76.89 73.80 
MnCoCeV 1-3-0.75-4.76 74.68 85.01 

MnCoCeV 1-3-0.75-11.11 59.68 83.38 
MnCoCeV 1-3-0.75-42.9 68.28 89.37 
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Figure 3.22 Catalytic activity of MnCoCeV 1-3-0.75- 3.17 in the gas flow containing 4.35% CO, 7.06% O2, 

1.15% C3H6 and 1.77% NO 
 
Although MnCoCeV exhibited good activity for the treatment of soot, its activity for 

the simultaneous treatment of pollutants in the gas flow containing 4.35% CO, 7.06% O2, 
1.15% C3H6, 1.77% NO was significantly lower than that of MnCoCe 1-3-0.75 (Figure 
3.22). Therefore, the catalysts MnCoCeV was not continuously investigated.  

 

3.2 MnO2-Co3O4-CeO2 based catalysts for the simultaneous 
treatment of pollutants 

3.2.1 MnO2-Co3O4-CeO2 catalysts with MnO2/Co3O4=1/3 
As seen in previous sections 3.1.1, 3.1.2 MnCoCe catalysts exhibited very high activity 

for treatment of separated pollutants. Therefore, the activity of this catalyst family would 
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be investigated for simultaneous treatment of pollutants. First, the activity of these samples 
was measured in the gas flow containing 4.35% CO, 7.65% O2, 1.15% C3H6 and 0.59% 
NO. In this condition, NO could not be detected by GC due to very small concentration of 
this pollutant in the flow. The amount of CeO2 was altered in order to determine the 
dependence of catalytic activity on this oxide content and reduce catalyst price due to the 
highest value of CeO2. The potential sample should possess the minimum CeO2 content 
and exhibit highest activity.   

Catalytic activity of MnCoCe samples (MnO2/Co3O4=1-3) was presented in Figure 
3.23. All sample exhibited very high C3H6 with the conversion of approximate 97% from 
100oC, except the sample with CeO2 amount of 32% (MnCoCe 1-3-1.88). The catalysts 
with CeO2 amount from 8-32% show high CO conversion from 100oC meanwhile the 
samples with CeO2 content of 4% (MnCoCe 1-3-0.17) only exhibited maximum CO 
conversion from 200oC. Therefore, it could be concluded that if the amount of CeO2 was 
too high or too low, the catalytic activity was reduced. If the CeO2 amount was too low, the 
defect concentration in the lattice of MnO2-Co3O4 solid solution was too low. In contrary, 
the corruption of the solid solution was observed due to high concentration of CeO2. On 
the other hand, the increase of CeO2 amount in the catalyst lead to low thermal resistant 
that can cause the increase of particle size and reduce the activity (Figure 3.25). These can 
cause decrease of catalytic activity. The optimal amount of CeO2 was from 8% (MnCoCe 
1-3-0.38) to 24% (MnCoCe 1-3-1.26). At high temperatures (above 200oC, the activity of 
all catalysts (CeO2/MnO2 ratio from 0.17 to 1.88) was equivalent.  
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Figure 3.23 C3H6 (a) and CO (b) conversion of MnCoCe catalyst with MnO2/Co3O4=1-3 (flow containing 
4.35% CO, 7.65% O2, 1.15% C3H6 and 0.59% NO)   

Furthermore, the samples with CeO2 content of 8 and 16% were investigated in the gas 
flow containing higher NO concentration (4.35% CO, 7.06% O2, 1.15% C3H6 and 1.77% 
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NO). MnCoCe 1-3-0.75 showed the highest activity with the maximum conversion of CO 
and C3H6 of 96% and 100% from 100oC, respectively. This catalyst also exhibited NO 
conversion of 62%-82% at temperature from 100oC-350oC and of 99% at high 
temperatures (>400oC).  As shown in Figure 3.11, Figure 3.14 and Table 3.2 (section 
3.1.2), it could be seen that MnCoCe 1-3-0.75 presented very high oxidation activity due to 
high content of  cations of Mn4+, Co3+  Ce4+

  and oxygen anions in the lattice. Meanwhile, 
MnCoCe 1-3-0.38  catalyst only reached maximum conversion of CO from 200oC. The 
presence of more NO in the flow decrease slightly the activity of this sample. The reason 
maybe the exothermic effect of oxidation of hydrocarbon and CO with NOx was lower than 
that of oxidation of these pollutants with O2.  However, this catalyst showed a slightly 
higher NO conversion. Thus, the presence of more CeO2 helped to increase ability to treat 
CO and C3H6 but slightly decreased the ability of NO treatment. 
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Figure 3.24 Catalytic activity of MnCoCe catalyst with MnO2-Co3O4 =1-3 (flow containing 4.35% 

CO, 7.06% O2, 1.15% C3H6, 1.77% NO) 
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SEM images of the MnCoCe with the CeO2 amount from 16% (MnCoCe 1-3-0.75) to 
32% (MnCoCe 1-3-1.88) were shown in Figure 3.25. It could be seen that, all samples 
possess fine particles with the diameter from 10 to 30 nm. Nanometer particles enhanced 
the activity of the catalysts. When increasing CeO2 content, the particle sizes increased. 
The diameters were 10-15, 20, 30 nm correspond to samples that contain 16, 24, 32 % 
CeO2. Therefore, the catalyst with 32% CeO2 exhibited slightly lower activity than samples 
that contain 16 and 24% CeO2. 

 

   
a b c 

Figure 3.25 SEM images of MnCoCe 1-3-0.75 (a), MnCoCe 1-3-1.26 (b), MnCoCe 1-3-1.88  (c) 
 

3.2.2 MnO2-Co3O4-CeO2 with the other MnO2/Co3O4 ratio 
Besides, MnCo 1-3 and MnCo 7-3 was proved good activity for oxidation of C3H6 and 

CO (figure A1, A2-annex 1.1, A13- annex 1.2.1) Therefore, this ratio was also maintained 
while adding CeO2  to the mixtures. The activity of simultaneous CO, NO, C3H6 treatment 
of MnCoCe oxides (MnCo 7-3) was presented in Figure 3.26.  MnCoCe samples (MnO2-
Co3O4=7-3) only exhibited the maximum conversion of CO, C3H6, NO from 200oC, 150oC 
and 500oC, respectively. The activity of this catalyst family were lower than that of 
MnCoCe family with MnO2-Co3O4=1-3. Thus, a mixture with more MnO2 content 
exhibited less activity than that of a mixture with more Co3O4 content, only MnCo ratio of 
1/3 could result in optimal activity in MnCoCe mixtures. In simultaneous treatment of 
pollutants, CO oxidation is the most favorable to occur due to the lowest activation energy. 
The heat from the CO oxidation will supply for the hydrocarbon oxidation and NOx 
reduction. Therefore, the metallic oxide catalyst needs to be facilitated with the CO 
oxidation. Q.Zhang’s results showed that the Mn–Co–O catalyst with an atomic Mn/Co 
ratio of 1/8 (approximate the composition MnO2/Co3O4 of 1-3), exhibited the highest CO 
conversions [126]. Furthermore, the addition of CeO2 into the lattice of solid solution 
MnO2-Co3O4 can caused the catalyst MnCoCe 1-3-0.75 exhibited not only the highest 
mobility oxygen ion in the lattice but also the highest adsorbed oxyen (as seen in section 
3.1.2.2). The results were also accordance with the Q.Guo’s results with the catalyst 
possess atomic composition 1Mn-8Co-1Ce [113]. 
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Figure 3.26 Catalytic activity of MnCoCe catalysts with ratio MnO2-Co3O4=7-3(flow containing 4.35% CO, 
7.06% O2, 1.15% C3H6 and 1.77% NO) 

3.2.3 Influence of different reaction conditions on the activity of MnCoCe 1-3-
0.75 

As know, reaction conditions may influence significantly on the catalytic activity, 
depending on the presence of different gases in the flow or the sufficient amount oxygen 
for the oxidation reaction. A good catalyst should exhibit good activity in different reaction 
conditions, adapt well with the presence of different gases and the change of oxygen 
concentration in the flow. Therefore, activity of MnCoCe 1-3-0.75 was studied in different 
reaction conditions. First of all, the change of oxygen concentration was studied.  

Reactions were performed in deficient oxygen (λ<1), sufficient oxygen (λ=1) and 
excess oxygen conditions (λ>1). The results were shown in Figure 3.27. It can be seen that, 
CO treatment was stable with the conversion of 100% from 100oC in all concentration of 
oxygen except the presence of C6H6 with λ=1. In the deficient oxygen condition (λ=0.86), 
the C3H6 conversion decreases but a high conversion above 80% was still maintained. From 
the Figure 3.27d, NO was treated completely at temperatures from 400oC with the 
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conversion of approximate 99%. Therefore, combining to the results in Figure 3.23 and 
Figure 3.24, it can be concluded that MnCoCe 1-3-0.75 not only exhibited superior 
oxidation but also possessed high reduction in different conditions. MnCoCe 1-3-0.75 was 
also investigated in the flow containing aromatic hydrocarbon C6H6. The result (Figure 
3.27c) showed that C6H6 was only converted completely in the condition with λ=1.1098 
>1. 
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Figure 3.27 Catalytic activity of MnCoCe 1-3-0.75 with different lambda values  
(λ=1.0034≈1: flow containing 4.35% CO, 7.65% O2, 1.15% C3H6, 0.59% NO;  
 λ=1.0103≈1: flow containing 4.35% CO, 6.95% O2, 0.5% C6H6, 0.59% NO;  

λ=1.0201≈1: flow containing 4.35% CO, 9.78% O2, 1.15% C3H6, 0.2% C6H6, 0.59% NO;  
λ=1.1098>1: flow containing: 4.35% CO, 9.89% O2, 1% C3H6, 0.2% C6H6, 0.59% NO;  

λ=0.86<1: flow containing 4.35% CO, 6.52% O2, 1.15% C3H6, 0.59% NO 
λ=1.0034≈1 (d): flow containing 4.35% CO, 7.06% O2, 1.15% C3H6, 1.77% NO) 

   
CO2 is one of the indispensable compositions in exhaust gas. As seen in the literature, 

CO2 inhibited the activity of the catalyst based on cobalt oxide. The presence of 10% CO2 
in the gas phase affected the reaction negatively, by some interaction with the active 
surface. In-situ FTIR studies indicated that CO2 forms carbonates on the cobalt surface, 
which might explain the decrease in activity. There was a competition between the re-
oxidation of the cobalt and the formation of carbonates [89]. With the aim to investigate 
the influence of CO2 to the catalyst MnCoCe 1-3-0.75, 6.2% CO2 was added in the gas 
flow. Figure 3.28 showed the activity of MnCoCe 1-3-0.75 in the presence of CO2 (flow 
containing 4.35% CO, 7.65% O2, 1.15% C3H6, 0.59% NO+ 6.2% CO2) and without the 
presence of CO2 (flow containing 4.35% CO, 7.65% O2, 1.15% C3H6, 0.59% NO). It can 
be seen that MnCoCe 1-3-0.75 exhibited high activity for treatment of C3H6 and CO with 
the conversion higher than 96.5% in both cases. However, the presence of 6.2% CO2 
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decreased slightly the activity of MnCoCe 1-3-0.75.  The reason maybe the competition 
adsorption of CO2 and other components in gas flow on the surface of the catalyst.  
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Figure 3.28 CO and C3H6 conversion of MnCoCe 1-3-0.75 in different condition (non-CO2 and 6.2% CO2) 
Furthermore, the activity of MnCoCe 1-3-0.75 was also investigated at high 

temperature because the operation condition of an engine may be over heating due to the 
excess burning of the fuel. The high temperature may fail the catalytic activity; therefore, a 
good catalyst should still exhibit high activity when an unusual high temperature is 
reached. Figure 3.29 presented the activity of MnCoCe 1-3-0.75 at high temperature (> 
500oC) in the flow containing 4.35% CO, 7.65% O2, 1.15% C3H6 and 0.59% NO. It can be 
seen that, the conversion of C3H6 and CO maintained 100% at temperature range from 550 
to 800oC. Thus, the catalyst was stable and exhibit complete activity even at high 
temperature condition. The low thermal resistance of MnCo catalyst has been completely 
improved with the presence of Ce in the composition of the catalyst. 
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Figure 3.29 Catalytic activity of MnCoCe 1-3-0.75 at high temperatures in 4.35% CO, 7.65% O2, 

1.15% C3H6, 0.59 % NO 
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3.2.4 Activity for the treatment of soot and the influence of soot on activity 
of MnCoCe 1-3-0.75 

It is necessary to investigate treatment of soot- the harmful composition that formed 
from the incomplete burn of fuel. As seen in section 3.1.3, soot conversion of the catalyst 
MnCoCe 1-3-0.75 was low (58.5%) in the gas flow containing 5%O2/N2. The results from 
Table 3.9 showed that when measuring in gas flow includes 4.35% CO, 7.06% O2, 1.15% 
C3H6, 1.77% NO for 425 minutes, soot conversion was significantly enhanced since the 
exhaust flow forms NO2, which also contribute as a soot oxidation agent. NO2 formed by 
combination of NO and O2 would react easily with soot at 500oC. Furthermore, the 
reaction between these compositions (CO, O2, C3H6, NO) supplies heat for soot oxidation. 
Soot conversion also depended on mass ratio of cat-soot. If the ratio was 1-1, soot 
conversion reached 93.9%. Meanwhile, the conversion was 100% with the ratio of cat-soot 
from 2 upward. Non-catalyst sample exhibited lower soot conversion (89%).     

 
Table 3.9 Soot conversion of some mixture of MnCoCe 1-3-0.75 and soot   in the flow containing CO: 4.35%, 

O2: 7.06%, C3H6: 1.15%, NO: 1.77% at 500oC for 425 min 
Sample Soot conversion (%) 

100% soot 88.99% 
cat –soot =1-1 93.9% 
cat –soot =2-1 100% 

cat –soot =10-1 100% 
 
 It is also necessary to know if the ability to treat other compound of exhaust gas 

changed when soot is presented in the flow. Figure 3.30 presented the activity of MnCoCe 
1-3-0.75 for C3H6, NO and CO treatment under the presence of soot (ratio of catalyst-
soot=1-1, 2-1 and 10-1).  It can be seen that, the catalyst MnCoCe without soot can convert 
completely C3H6 and NO at 500oC. If the ratio of cat-soot was 10-1, the catalytic activity 
was slightly decreased (95%). When soot amount increase, the activity was decreased, 
especially with the sample with high ratio of soot (cat-soot=1-1). After 250 minutes in 
flow, the activity of sample contain high amount of soot tends to reduce. The C3H6 
conversion reduce to 95% and NO conversion decreased to 40%.The reason may be the 
sintering of catalyst that caused by exothermic of soot combustion. When investigating 
soot treatment, it was impossible to calculate CO conversion because the oxidation of soot 
also produces CO. Therefore, CO and CO2 concentration of the outlet flow was examined 
as seen in Figure 3.30 c, d.  

The sample without soot maintains CO2 and CO concentration of 2 and 0 %, 
respectively for all of reaction time. Samples contained soot exhibited higher CO2 
concetration than that of MnCoCe 1-3-0.75 due to the oxidation of soot. The sample with 
soot also formed CO while the catalyst without soot convert all CO to CO2. Thus, MnCoCe 
1-3-0.75 still exhibited very high conversion of soot in the presence of other pollutants. 
With the presence of soot in gas flow, the conversion of C3H6 and NO slightly reduced, 
especially after 300 minutes. The reason maybe sintering phenomena of catalysts due to 
exothermic effect of the reactions for long time.  Meanwhile, CO treatment ability was 
significantly decreased.  However, CO concentration (0.1-0.4%) of mixture cat-soot was 
lower than that in the case of 100% soot. 
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Figure 3.30 Catalytic activity of MnCoCe 1-3-0.75 with the different mass ratio of catalytic/soot (a: C3H6 
conversion, b: NO conversion, c: CO2 concentration in outlet flow; d: CO concentration in outlet flow). 

It can be concluded that MnCoCe 1-3-0.75 not only convert completely NO, C3H6, CO 
in different reaction conditions but also exhibited high soot treatment in the presence of 
other pollutants. The catalytic activity also depends on the amount of soot mixed with the 
catalyst. In realictics, the ratio of soot is very minor to the catalyst (more than 10 time 
less), thefore, the mixture containing cat-soot ratio of 10-1 reflect better the realistic 
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composition and thus, with this ratio, it can be concluded that the presence of soot did not 
decreased significantly the activity of the catalyst. 

3.2.5 Influence of aging condition on activity of MnCoCe catalysts 

3.2.5.1 The influence of steam at high temperature 
Steam is one of the components of exhaust gas. The amount of steam was 1.4-12% 

volume depend on the engine type [67]. In operation of engine, steam and pollutants can 
damage the catalyst with some effects such as degradation, poison and sintering.  As seen 
in literature [89], P. Thormählen showed the inhibition of water to activity of Co-Al oxides 
for CO oxidation. The reasons for the inhibition may be a combination of water adsorption 
at lower temperatures and formation of OH-groups at higher temperatures. Z.Wu et.al. 
[128] showed that steam can impede the CO oxidation with increasing the temperature of 
CO completely treatment and decreasing CO2 selectivity. Therefore, in this section, the 
influence of aging process and aging conditions on catalyst was investigated. From the 
results, some methods for increasing thermal resistant would be studied in order to 
maintain the activity in harsh condition and apply for converter in exhaust gas treatment.  
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Figure 3.31 Catalytic activity of MnCoCe (MnO2-Co3O4 =1-3) catalysts before and after aging at 800oC in 

flow containing 57% steam for 24h  
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Figure 3.31 show the catalytic activity of MnCoCe with the ratio MnO2-Co3O4=1-3  
before and after aging. The activity of aging catalysts was significantly lower than that of 
fresh ones, especially with the 16% CeO2 samples (MnCoCe 1-3-0.75). C3H6 conversion of 
this catalyst was lower than 70% at low temperatures (<250oC). C3H6 was treated 
completely from 250oC on MnCoCe 1-3-0.75 and 200oC on the samples containing higher 
CeO2 amount. It can be seen that, aging catalysts exhibited the same C3H6 conversion to 
fresh samples at temperature above 250oC. If amount of CeO2 was high enough (MnCoCe 
1-3-0.75), the fresh sample still presented high activity at low temperature. However, this 
could not help the aging catalyst to remain the same activity. Similar to C3H6 conversion, 
aging catalysts showed the higher temperature that CO can be treated completely than that 
of fresh catalysts. However, at high temperature, the activity of the fresh and aging catalyst 
was the same (95-100%). 

Figure 3.32 showed the XRD patterns of the mixed oxides with the content of CeO2 of 
16 and 32% correspond to MnCoCe 1-3-0.75 and MnCoCe 1-3-1.88 before and after aging 
at 800oC for 24 hours in the air flow containing 57% vol. H2O. The fresh sample possessed 
large amorphous. MnCoCe 1-3-0.75 sample only presented highest peak of Co3O4 at 
36.88o and 65.33o

 due to highest amount of this oxide meanwhile CeO2 and Co3O4 peaks 
were detected in XRD pattern of 32% CeO2 sample. In both catalysts, MnO2 could not be 
detected. It can be assumed that, MnO2 combined with other oxides to form solid solution 
or existed in amorphous phase. The aging catalysts exhibited much higher crystallity with 
the highest reflection of CeO2 and Co3O4. The reason maybe the growth of catalyst crystals 
after calcinated at high temperature (800oC) for long time (24 hours). This may be the 
reason for the decrease of activity of the aging samples. 
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Figure 3.32 XRD patterns of MnCoCe catalysts before and after aging in a flow containing 57% vol.H2O at 

800oC for 24h (M1: MnCoCe 1-3-0.75 fresh, M2: MnCoCe 1-3-0.75 aging, M3: MnCoCe 1-3-1.88 fresh, M4: 
MnCoCe 1-3-1.88  aging), Ce: CeO2, Co:Co3O4 

 
   Table 3.10 showed the specific surface area of MnCoCe before and after aging in a 

flow containing 57% Vol. H2O. It can be seen that, SBET of aging catalysts was reduced 
90% when comparing to that of fresh catalysts. This due to the sintering of catalyst that 
may cause the decrease of activity of aging samples.  
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Table 3.10 Specific surface area of MnCoCe catalysts before and after aging in the flow containing 57% 
vol.H2O at 800oC for 24h 

Sample SBET (m2/g) 
MnCoCe 1-3-0.75 56.02 

MnCoCe MnCoCe 1-3-0.75 aging 4.62 
MnCoCe 1-3-1.26 54.10 

MnCoCe 1-3-1.26 aging 5.9 
MnCoCe 1-3-1.88 50.71 

MnCoCe 1-3-1.88 aging 4.35 
 

In order to assess the influence of aging process to activity of MnCoCe catalysts, SEM 
images was shown in Figure 3.33. It can be seen that, the particle diameter of aging 
catalyst was increased and the particles tend to shrink. The average diameter of MnCoCe 
1-3-0.75 sample after aging was about 30 nm. Thus, thermal resistant of MnCoCe catalyst 
was low in the presence of water vapor. The aging process makes the particle size 
increases, the particles tend to sintering. This was also in an agreement with BET and XRD 
results. Therefore, the increase of particle size or the increase of crystalinity may be the 
reason causing the loss of catalytic activity at low reaction temperature range. However, 
the increase of the particle size was not much, so that catalytic activity was retained at high 
temperatures. 
 

   
a b c 

   
d e f 

Figure 3.33 SEM images of MnCoCe catalysts before and  after aging at 800oC in flow containing 57% steam 
for 24h (a,d: MnCoCe 1-3-0.75 fresh and aging, b,e: MnCoCe 1-3-.26 fresh and aging, c,f: MnCoCe 1-3-1.88 

fresh and aging, respectively) 
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Figure 3.34 TPR-H2 pattern of MnCoCe 1-3-0.75  fresh and aging at 800oC in flow containing 57% steam for 

24h 
 

With the aim to investigate the reason cause the degradation of catalyst after aging, 
TPR H2 measurements were performed to investigate the oxidation-reduction properties of 
the samples as seen in Figure 3.34 and Table 3.11. The results showed that temperature at 
maximum of fresh MnCoCe 1-3-0.75 was 316.7oC, 381.6o and 580.4oC. In aging sample, 
the temperature shift to higher value. The consumed hydrogen of aging samples was lower 
than that of fresh sample. This indicated that the oxidation ability of MnCoCe 1-3-0.75 was 
reduced after aging. Thus, the aging sample exhibited low activity at low temperature. 
However, at high temperatures, the activity of two catalysts was equivalent. 

 
Table 3.11 Consumed hydrogen volume (ml/g) of the MnCoCe 1-3-0.75 fresh and aging at 800oC in flow 

containing 57% steam for 24h 
Temperature at maximum Fresh sample Aging Sample 

316.7 28.03115  
381.6 104.40416  
405.7  40.17740 
531.0  197.1880 
580.4 164.02066  
688.9  8.32832 

Total (ml/g) 296.45597 245.69372 
 

3.2.5.2 The characterization and catalytic activity of MnCoCe 1-3-0.75 in different 
aging conditions 

 Section 3.2.5.1 showed the influence of the aging process in a high concentration 
steam flow (57%) to the activity of MnCoCe catalysts.  Exhaust gas contained other 
compositions that can damage to catalyst. Therefore, in this section, the effect of different 
aging condition to activity of MnCoCe catalyst was investigated. All of samples were 
calcinated at 800oC for 24 hour with different gas flows: (1): aged in air; (2): aged in air 
containing 27% steam; (3): aged in air containing 57% steam; (4): aged in air containing 
0.5% SO2 ; (5): aged in air containing 57% steam and 0.5% SO2. The aging conditions 
were shown in detail in Table 2.1, section 2.1.3.  

Catalytic activity of MnCoCe 1-3-0.75 aged in different conditions is shown in Figure 
3.35.  It can be seen that MnCoCe 1-3-0.75  aged in air containing 27% steam (2) can 
convert 85% C3H6 at 150oC and the conversion increase when temperature increase. From 
200oC, the catalytic activity of this sample was equivalent to that of fresh catalyst. When 
the amount of moisture increases (aged in air containing 57% steam- 3), the catalytic 
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activity of the sample decrease significantly. The catalyst aged in air containing 57% 
steam- 3 exhibited the lowest activity. This sample converted 100% C3H6 and CO from 
250oC and 200oC, respectively. Two catalysts aged in air containing SO2 (4 and 5) 
exhibited the catalytic as low as that of samples aged in in air containing 57% steam. These 
samples can convert hydrocarbon completely from 200oC.  From Figure 3.35b, it can be 
clear seen that the order of catalytic activity for CO conversion was similar to that of C3H6 
conversion.  
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Figure 3.35 Catalytic activity of MnCoCe 1-3-0.75 fresh and after aging in different conditions 

 (0: fresh catalyst, 1: aged in air; 2: aged in air containing 27% steam; 3: aged in air containing 57% steam; 
4: aged in air containing 0.5% SO2 ; 5: aged in air containing 57% steam and 0.5% SO2) 

 
Figure 3.36 showed XRD patterns of the catalyst samples MnCoCe = 1-3-0.75 in the 

different aging conditions. MnCoCe fresh and aged in air possess large amorphous 
characteristic. Fresh sample (0) showed two highest reflection of Co3O4 at 2θ = 31.37o, 
36.88o. The diffraction characteristics of MnO2 and CeO2 were not detected due to their 
small amount or their existences in amorphous form. XRD pattern of fresh sample and 
sample (1) was similar. However, the sample aged in air at 800oC (1) exhibited MnO2 peak 
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at 2θ=56.8o. Meanwhile, the XRD patterns of sample 2, 3, 4 and 5 showed the peak 
belongs to Co3O4 at 2θ= 31.37o, 36.88o, 44.87o, 59.5o, 65.3o. The patterns of these samples 
also presented the peak of CeO2 at 2θ = 28.6o, 47.4o. Thus, the aging process in the 
presence of water vapor and sulfur compounds (SO2) has increase crystallinity of the 
catalysts. This may be the reason for the change of their catalytic activity. 
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Figure 3.36 XRD pattern of MnCoCe 1-3-0.75 in different aging conditions 

 (0: fresh catalyst, 1: aged in air; 2: aged in air containing 27% steam; 3: aged in air containing 57% steam; 
4: aged in air containing 0.5% SO2; 5: aged in air containing 57% steam and 0.5% SO2), Ce:CeO2, 

 Mn: MnO2, Co: Co3O4 
Table 3.12 showed the specific surface area of MnCoCe 1-3-0.75 fresh and after aging 

in different conditions. SBET of sample aged in air only reduce 27% when comparing with 
fresh catalyst. Meanwhile, SBET of other samples were reduced approximately 90%. The 
reason may be the sintering of the catalyst in aging condition with high temperature and  
the appearance of steam and SO2.   

 
Table 3.12 Specific surface area of MnCoCe 1-3-0.75 fresh and after aging in different conditions 

 (0: fresh catalyst, 1: aged in air; 2: aged in air containing 27% steam; 3: aged in air containing 57% steam; 
4: aged in air containing 0.5% SO2 ; 5: aged in air containing 57% steam and 0.5% SO2) 

 
0 1 2 3 4 5 SBET(m2/g) 

56.02 40.7 5.68 4.62 4.06 4.86 
 

SEM images of fresh and aging MnCoCe were presented Figure 3.37. Fresh sample 
exhibited separating particle and range in size from 10-15 nm. When aging samples in 
blowing air at 800oC (1), the particles tend to agglomerate, particle size increased (20-35 
nm). Sample aged in condition with air containing moisture of 27% (3) and 57% (4), the 
particle size increased to 35-50 nm and the grain began to agglomerate. In terms of aging 
with SO2 (5) and 57% moisture + 0.5% SO2 (6), the catalyst was strongly sintering with 
appearance of particle clusters. Thus, the observation on SEM images was in an agreement 
with the XRD and BET results, the decrease of activity after aging was due to the increase 
of particle size and crystallinity as well as the decrease of surface area. 
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0  1 2 

3  4  5 
Figure 3.37 SEM images of MnCoCe 1-3-0.75  fresh and after aging in different conditions  

(0: fresh catalyst, 1: aged in air; 2: aged in air containing 27% steam; 3: aged in air 
containing 57% steam; 4: aged in air containing 0.5% SO2; 5: aged in air containing 57% 

steam and 0.5% SO2) 
 

3.2.6 Activity of MnCoCe 1-3-0.75 at room temperature 
As seen in previous section, MnCoCe 1-3-0.75 was the best catalyst that can convert 

completely the pollutants (CO, C3H6, NO, C6H6) in different conditions from low 
temperature (100oC). However, the thesis still aimed to reduce the temperature of the 
complete conversion as much as possible. Therefore, in this section, the catalyst was 
activated in the gas flow containing O2/CO=1.6 at 100oC for 1 hour. 
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Figure 3.38 Activity of MnCoCe 1-3-0.75 after activation 

Figure 3.38 showed CO and C3H6 conversion of activated MnCoCe 1-3-0.75 at room 
temperature (25oC) after activation process. It can be seen that, the catalyst after activation 
exhibited very high activity with CO and C3H6 conversion reach 100% at up to 5h on 
stream. Temperature of catalyst bed increased rapidly from room temperature to 160oC due 
to the exothermic effect of the reaction. However, after activation 7h, the activated catalyst 
can’t convert CO and C3H6 at room temperature any more. The reason maybe the 
adsorption of CO2 (that formed during activation) on the surface of catalyst. 
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As known, CO2 is a component in exhaust gas and the catalytic activity was reduced by 
CO2 effect [89, 128]. Therefore, in this section, 6.2% CO2 was added in the gas flow 
containing 4.35% CO, 7.65% O2, 1.15% C3H6, 0.59% NO in order to investigate the 
influence of this gas to activity of MnCoCe 1-3-0.75. Figure 3.39 showed the activity at 
room temperature after activation 2h with the presence of CO2 in gas flow. It can be seen 
that the activity of MnCoCe 1-3-0.75 for the oxidation of C3H6 was slightly decrease with 
the presence of CO2 (6.2%) although the conversion of C3H6 was still of 99.09% and 
98.56%. Therefore, it can be concluded that, CO2 reduced the activity for C3H6 oxidation 
but the effect was not obvious. The oxidation of CO was not influenced by the presence of 
CO2. More investigation will be performed further. This section only aims to prove 
outstanding activity of MnCoCe 1-3-0.75 catalyst, which is able to oxidize CO and C3H6 at 
room temperature after suitably activated. 
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Figure 3.39 CO and C3H6 conversion of MnCoCe 1-3-0.75 at room temperature after activation 2h 

in gas flow 4.35% CO, 7.65% O2, 1.15% C3H6, 0.59% NO with and without CO2 
 

3.3 Study on the improvement of NOx treatment of MnO2-Co3O4-
CeO2 catalyst by addition of BaO and WO3 

As seen in some previous section, MnCoCe 1-3-0.75 exhibited superior activity for CO 
and C3H6 treatment. However, this catalyst only presented high NO conversion from 
400oC. Meanwhile, in some literatures [23, 65], it could be shown that the presence of BaO 
and WO3 help to increase NO conversion. Therefore, in this section, MnCoCe 1-3-0.75 
added different amount of BaO, WO3 were investigated for treatment of 3 pollutants the 
flow containing 4.35% CO, 7.06% O2, 1.15% C3H6 and 1.77% NO. Sample added X% mol 
BaO (WO3) was labeled as X% BaO (WO3). 

 
Table 3.13 Specific surface area of catalysts containing MnO2, Co3O4, CeO2, BaO and 

WO3 
Sample Symbol in XRD pattern SBET (m2/g) 

MnCoCe 1-3-0.75  a 50.62 

15% BaO b 40.58 

10% BaO  57.62 

5% BaO c 56.67 

15% WO3 d 59.60 

5% WO3  61.19 
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Table 3.13 show the specific surface area of some  MnCoCe 1-3-0.75 catalysts added  
5-15% mol BaO and WO3. Surface area of these samples are not significantly different.  

XRD patterns of MnCoCe catalysts added BaO and WO3 are shown in Figure 3.40. 
Compare to the sample without the addition of BaO or WO3, XRD patterns of BaO and 
WO3 added samples show more amorphous nature. The peaks belong to Co3O4 at 
2θ=31.2o, 37o and 65.3o were even not seen. 
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Figure 3.40 XRD pattern of catalysts based on MnO2, Co3O4, CeO2, BaO and WO3 

 
The catalytic activity of the sample MnCoCe 1-3-0.75 added BaO and WO3 is shown 

in Figure 3.41. In Figure 3.41 a, only MnCoCe could convert completely CO from 100oC 
meanwhile other samples reach maximum conversion of CO from 200oC (10, 15% BaO) or 
250oC (5% BaO, 5% and 15% WO3). In Figure 3.41b, only MnCoCe and the sample added 
10% BaO was able to convert completely C3H6 from 100oC, other samples converted 
completely hydrocarbon from 200oC. That means that CO and C3H6 conversion of the 
catalyst reduced when BaO and WO3 was added even if the amount of BaO and WO3 was 
only 5%. The effect of WO3 was more obvious than that of BaO. However, from Figure 
3.41c, it could be seen that, NO conversion of the catalyst was enhanced with the optimal 
amount of BaO (10%). NO conversion of 10% BaO sample (80%) was higher than that of 
original catalyst MnCoCe at reaction temperatures below 400oC. NO treatment of two 
catalysts was similar at higher temperatures. Meanwhile, the activity of catalyst containing 
WO3 was decreased. As seen in literature [23, 43, 67], BaO acted very important role when 
trapping NO2 in exhaust gas. In lean condtion, NO2 will react with BaO to form nitrate and 
nitrite salt. In rich condtion, NO2 will be released and react with hydrocarbon to form CO2, 
H2O and N2. In this study, NO conversion of MnCoCe 1-3-0.75 was enhanced by addition 
of 10% BaO. However, if the content of BaO was too high (15%), the catalytic activity of 
the catalyst was reduced due to the diminish of MnCoCe active sites.        
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Figure 3.41 CO conversion (a), C3H6 conversion (b) and NO conversion (c) of catalysts based on MnO2, 
Co3O4, CeO2, BaO and WO3 in the flow containing 4.35% CO, 7.06% O2, 1.15% C3H6 and 1.77 % NO 

 
SEM image of catalyst added BaO and WO3 was presented in Figure 3.42. The particle 

diameter of the sample added BaO and WO3 was 20-40 nm, which was a little higher than 
that of MnCoCe 1-3-0.75 (10-20 nm). The particles tend to agglomerate that make cluster 
formation. The increase of particles size may be the reason to cause the decrease of 
catalytic activity. Furthermore, the replace of BaO and WO3 in MnCoCe crystal reduce the 
number of active sites for oxidation that also decrease the activity for oxidation reaction. 
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MnCoCe 1-3-0.75 

Figure 3.42 SEM images of catalysts containing MnO2, Co3O4, CeO2, BaO and WO3  

3.4 Study on the improvement of the activity of MnO2-Co3O4-CeO2 
catalyst after aging by addition of ZrO2 

As seen in literature [31, 32, 81], ZrO2 appeared to be the most effective thermal 
stabilizer of CeO2, particularly when it forms a mixed oxide with ceria. The ability of ZrO2 
to modify the oxygen sub-lattice in the CeO2–ZrO2 mixed oxides, generating defective 
structures and highly mobile oxygen atoms in the lattice. Thus, ZrO2 was supplemented 
with the amount of 2, 5, and 7% in order to increase the activity and incresase thermal 
resistant of MnCoCe 1-3-0.75. These samples were labeled as 2% ZrO2, 5% ZrO2, 7% 
ZrO2, respectively. Figure 3.43 showed CO and C3H6 conversion of 4-oxide catalyst 
MnCoCeZr fresh and aged in the gas flow containing 4.35% CO, 7.65% O2, 1.15% C3H6 
and 0.59% NO. Similar to MnCoCe 1-3-0.75, when the amount of ZrO2 was 2%, 5%, 7%, 
the catalytic activity of aging catalyst was much lower than fresh one at low temperatures 
(<250oC). At higher temperatures, the activity of two catalyst categories was equal. Thus, 
the addition of ZrO2 could not increase activity of the catalyst after aging as expected. The 
addition of the fourth element on the MnCoCe 1-3-0.75 catalyst usually results in a 
decrease of activity at low temperature (at 100oC) but the activity at high temperature 
(above 250oC) is usually retained. 
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Figure 3.43 Catalytic activity of MnCoCe 1-3-0.75 added 2%, 5%, 7% ZrO2 fresh (a, c, e) and aged (b, d, f) in 
flow containing  4.35% CO, 7.65% O2, 1.15% C3H6 and 0.59% NO 

 
Table 3.14 show the specific surface area of MnCoCeZr oxide before and after aging 

aging at 800oC in flow containing 57% steam for 24h. It can be seen that SBET of aging 
catalysts was reduced higher than 80% when comparing to that of fresh catalysts with the 
amount of ZrO2 of 2-7%. Therefore, MnCoCe added ZrO2 exhibited higher thermal 
resistant than that of MnCoCe catalyst however the phenomena was not obvious.  

 
Table 3.14 Specific surface area of some catalyst containing MnO2, Co3O4, CeO2, ZrO2 before and after aging 

at 800oC in flow containing 57% steam for 24h 
SBET (m2/g) Sample 

Fresh catalyst Aging catalyst 
2% ZrO2 55.21 6.82 
5% ZrO2 45.18 7.41 
7% ZrO2 38.71 6.83 
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Figure 3.44 showed XRD patterns of the catalyst samples MnCoCe = 1-3-0.75 added 
ZrO2 before and after aging at 800oC for 24 hours in the air flow containing 57% vol. H2O. 
The fresh sample possessed large amorphous. 2% ZrO2 sample presented highest peak of 
Co3O4 and CeO2 meanwhile ZrO2 peaks were only detected in XRD pattern of 5% ZrO2 
sample. In both catalysts, MnO2 could not be detected. It can be assumed that, MnO2 
combined with other oxides to form solid solution or existed in amorphous phase. The 
aging catalysts exhibited much higher crystallity with the highest reflection of CeO2, 
Co3O4 and ZrO2. The reason maybe the growth of catalyst crystals after calcinated at high 
temperature (800oC) for long time (24 hours). This may be the reason for the decrease of 
activity of the aging samples. 
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Figure 3.44 XRD pattern of MnCoCe 1-3-0.75 added 2% and 5% ZrO2 before and after aging at 800oC in flow 

containing 57% steam for 24h 
 

  
a b 

Figure 3.45 SEM images  of MnCoCe 1-3-0.75 added 5% ZrO2 before (a)  and after (b) aging at 800oC in flow 
containing 57% steam for 24h 

 
With the aims to explain clearly the influence of steam in aging process to the activity 

of the catalyst, SEM images was shown in Figure 3.45. The particle diameter of aging 
catalyst was increased and the particles tend to shrink. The average diameter of MnCoCe 
added 5% ZrO2 sample after aging was about 40 nm meanwhile the particle size of fresh 
one was 30 nm. The particles tend to sintering due to the effect of steam at high 
temperature for long time (24h). This was also in an agreement with BET and XRD results. 
Therefore, the increase of particle size or the increase of crystalinity may be the reason 
causing the loss of catalytic activity at low reaction temperature range. However, the 
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increase of the particle size was not much, so that catalytic activity was retained at high 
temperatures. 

The addition of the fourth element on MnCoCe 1-3-0.75 catalysts were also studied 
with the addition of ZnO and CuO (figure A17, A18-annex 2.2.4). However, the catalytic 
activity of these tetra-oxdies was lower than triple-metallic oxide MnCoCe catalyst. 

MnCoNi systems were investigated for simultaneous treatment of exhaust gas. The 
results were seen in figure A19 and A20- annex 2.3. However, the activity of these 
catalysts was lower than that of MnCoCe. Therefore, MnCoCe catalysts were chosen for 
deep investigation. 

3.5 Comparison between MnO2-Co3O4-CeO2 catalyst and noble 
catalyst  

 With the aim to compare the activity of catalyst based on metallic oxides and noble 
catalyst, in this section, different amount of Pd (0.1%wt., 0.5%wt.) and MnCoCe 1-3-0.75 
(10% wt.-50% wt.) were supported on γ-Al2O3 and then tested for the simultaneously 
treatment of CO, C3H6, NO. The catalytic activity was investigated for treatment of 
exhaust gas in the flow containing 4.35% CO, 7.06% O2, 1.15% C3H6 and 1.77% NO.   

Table 3.15 showed the specific surface area of some catalysts supported on γ-Al2O3. 
The results show that NM catalysts possessed as high SBET as that of support γ-Al2O3 due 
to low loading content of the NM (0.1% wt. and 0.5% wt.). For MnCoCe catalysts, when 
the amount of MnCoCe active phase was 10 and 20% wt., specific surface area was 
slightly reduced when comparing to support. However, sample containing the amount of 
active phase higher than 20% only possess SBET of approximate 100 m2/g.      

 
Table 3.15 Specific surface area of noble catalyst and metallic oxide  catalysts  supported on γ-Al2O3  

Sample SBET, m2/g 
γ-Al2O3 118 

0.1% Pd/γ-Al2O3 117 
0.5% Pd/γ-Al2O3 118 

10% MnCoCe/γ-Al2O3 113 
20% MnCoCe/γ-Al2O3 113 
30% MnCoCe/γ-Al2O3 105 
40% MnCoCe/γ-Al2O3 100 
50% MnCoCe/γ-Al2O3 96 

 
Figure 3.46 showed SEM images of 0.1% Pd/Al2O3, 0.5% Pd/Al2O3 and 10% 

MnCoCe/Al2O3. These samples possessed fine particles with the average dimension as 12 
nm for noble catalysts and 20 nm for metallic oxide sample. The particles in the noble 
samples may be only Al2O3 particles since the loading content of NM was very low, which 
may not cover completely the surface of the support. However, the change of particle size 
in the MnCeCo sample is the evidence to prove that MnCeCo covered fully on the support 
due to its high loading content.  
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Figure 3.46 SEM image of 0.1% Pd/γ-Al2O3 (a), 0.5% Pd/γ-Al2O3 (b) and 10% MnCoCe/γ-Al2O3 (c) 
TEM method was further performed in order to distinguish the active phase on the 

support. Figure 3.47 presented TEM images of 0.1% Pd and 10% MnCoCe supported on γ-
Al2O3. The image shows a good crystallinity of the samples. However, STEM-EDX result 
of this noble catalyst only exhibited the structure of support Al2O3. Pd was difficult to be 
detected due to very small amount of this active phase. 

  
a b 

 
c 

Figure 3.47 TEM images of 0.1% Pd/γ-Al2O3 with different magnifications (a), (b) and 10% MnCoCe1-3-
0.75/γ-Al2O3  

STEM-EDX results (Figure 3.48) of the 10% MnCoCe/Al2O3 sample showed the 
presence of all Mn, Co, Ce component together with the presence of Al from the support. 
Besides, carbon was also detected due to remained unburn citric acid used during the 
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synthesis process of this sample after calcinations (nickel was the composition of sample 
carrier that used in TEM measurement).  

  
Figure 3.48 STEM and EDX results of crystal phase of 10% MnCoCe/γ-Al2O3 sample 
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Figure 3.49 Catalytic activity of MnCoCe supported on γ-Al2O3 (flow containing 4.35% CO, 7.06% O2, 1.15% 

C3H6, 1.77% NO) 
 

Figure 3.49 showed the catalytic activity of MnCoCe 1-3-0.75 supported on γ-Al2O3 
with different amount of active phase (10-50% wt) in the gas flow containing 4.35% CO, 
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7.06% O2, 1.15% C3H6 and 1.77% NO.  The catalytic activity of supported catalyst was 
slightly lower than that of active phase with the lowest temperature for maximum 
treatment of CO, C3H6 and NO as 150oC, 200oC and 400oC, respectively. Among these 
catalysts, the sample containing 40% wt active phase was the sample that exhibited the 
highest activity.  

Figure 3.50 showed the activity of precious catalyst supported on Al2O3. The precious 
catalyst with the Pd loading content of 0.5% wt exhibited approximate 40% CO conversion 
at temperature from 150 to 350oC. At higher temperature, this sample converted 
completely CO. C3H6, NO conversion of this catalyst reached maximum value (97% and 
80%, respectively) from 350oC. Meanwhile, 40% wt MnCoCe supported on γ-Al2O3 
exhibited maximum conversion of CO, NO and C3H6 correspond 200, 250, and 300oC.  
Thus, the use of noble metal Pd was not as effective as MnCeCo in this case due to the 
small precious metal loading on support. 0.5% wt Pd catalyst converted CO, C3H6 and NO 
at much higher temperature than that of the optimal 40% MnCoCe on Al2O3. The 
maximum pollutant conversions on both catalysts are approximately the same. Moreover, 
an equal activity to noble catalyst sample is already obtained for the MnCoCe sample 
containing only 20-30% active phase on the support.       
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Figure 3.50 Catalytic activity of 0.1 % wt and 0.5% wt Pd  supported on γ-Al2O3( flow 

containing 4.35% CO, 7.06% O2, 1.15% C3H6, 1.77% NO) 
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4 CONCLUSIONS 
1. Components of the mixed oxide catalysts were determined by studying catalytic 

activity of many single and bi-metallic oxides for the separated oxidation of 
propylene and CO. Amongst investigated catalysts, MnO2, Co3O4 and the mixture  
MnO2-Co3O4= 1-3 and CeO2-Co3O4= 1-4 show the most promising activity. These 
catalysts converted 100% C3H6 from 250oC. MnCo 1-3 convert 100% CO from 
150oC in excess oxygen condition. Thus, MnO2-Co3O4-CeO2 with MnO2-Co3O4=1-
3 and CeO2-Co3O4=1-4 are selected components of the final catalysts for a deep 
investigation.  

2. Potential components MnO2, Co3O4, CeO2 were also tested for the oxidation of 
soot. Compared to V2O5, a good catalyst for soot oxidation, activity of MnO2, 
Co3O4, CeO2 and their mixtures were less but the effort to add V2O5 to the mixed 
MnO2-Co3O4-CeO2 catalyst did not increase soot conversion. Therefore, V2O5 
should not be chosen to add in the catalyst. 

3. Three-way catalytic activity of mixed MnO2-Co3O4-CeO2 1-3-0.75 has been tested 
for the simultaneously treatment of CO, C3H6, C6H6, NO which exposed that the 
catalyst was able to treat simultaneously 100% CO from 100oC, 100% C3H6 and 
C6H6 from 100oC, 80% NO from 400oC. The catalyst were also able to treat 
completely soot within 7 hours on stream (4.35% CO, 7.06% O2, 1.15% C3H6, 
1.77% NO). However, the presence of soot led to slightly decrease of activity after 
5 hours on stream. It could be improved when the ratio of catalyst-soot is 
decreased. In fact, a ratio of 10/1, which is suitable with a real application, results 
in only a little decrease of activity. 

4. The study on different MnO2-Co3O4-CeO2 catalyst with altering MnO2/Co3O4/CeO2 
composition revealed that only mixture with MnO2-Co3O4=1-3 exhibited the 
distinguished activity. Moreover, composition of CeO2 should be reasonable 
(CeO2/MnO2 from 0.38 to 1.26) to ensure the best activity. The addition of the 
fourth element in the catalyst resulted to decrease activity. MnO2-Co3O4-NiO 
catalysts were also studied and showed good activity but still less than that of 
MnO2-Co3O4-CeO2. 

5. Effort to increase ability to treat NO by adding BaO and WO3 showed that NO 
conversion was improved slightly by adding 10% BaO but CO and hydrocarbon 
conversion decreased accordingly. 

6. Investigation of MnO2-Co3O4-CeO2 activity after aging under H2O and SO2 at high 
temperature showed that the catalytic activity at low reaction temperature decreased 
significantly after aging but remained at high temperatures (>250oC). The addition 
of ZrO2 did not prevent this decrease as expected. The catalyst MnO2-Co3O4-CeO2 
1-3-0.75 not only remained its catalytic activity at high temperature above 500oC 
but also converted CO and C3H6 at low temperature after activation in the flow with 
O2/CO=1.6 at 100oC. The catalyst was able to treat 100% CO and approximate 
100% C3H6 without CO2 in the gas flow from room temperature. Furthermore, the 
catalyst can convert 100% CO and 98.56% C3H6 with the presence of CO2 in the 
reaction flow.    

7. When supported on γ-Al2O3, the optimal amount of MnCoCe 1-3-0.75 was 40%. 
However, 20% wt MnCoCe/γ-Al2O3 sample exhibited higher activity than that of 
noble catalyst 0.5% wt Pd/γ-Al2O3 when investigating in the gas flow containing 
4.35% CO, 7.06% O2, 1.15% C3H6, 1.77% NO. 
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ANNEX 
Annex 1 Complete oxidation of C3H6 and CO in deficient oxygen 
condition 
Annex 1.1 Complete oxidation of C3H6 in deficient oxygen condition 
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Figure A1: C3H6 conversion of MnCo samples in deficient oxygen condition (O2/C3H6=1/1) 
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Figure A2: CO2 selectivity of MnCo samples in deficient oxygen condition (O2/C3H6=1/1) 
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c d 

Figure A3: SEM images of MnCo 1-3, MnCo 7-3 before (a,c) and after reaction (b,d) in  deficient 
oxygen condition (O2/C3H6=1/1) 
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Figure A4: C3H6 conversion of CeO2-Co3O4 chemical mixtures at different reaction temperatures 

in deficient oxygen condition (O2/C3H6=1/1) 
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Figure A5 CO2 selectivity of CeO2-Co3O4 chemical mixtures depend on temperaturesin deficient 

oxygen condition (O2/C3H6=1/1) 
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Figure A6:  C3H8 conversion of MnCoCe 1-3-0.75 depends on O2/C3H8 ratio at different reaction 
temperatures (max conversion is the conversion correspond CO2 selectivity reach 100% in the 

reaction C3H8 + 5O2→ 3CO2 +4 H2O)  
 

Annex 1.2 Complete oxidation of CO in deficient oxygen condition 

Annex 1.2.1 Characterization and catalytic activity of single metallic oxides 

 
Table A1  Specific surface area of some single metallic oxides 

Samples 

CeO2 ZrO2 Co3O4 MnO2 NiO CuO SnO2 V2O5 ZnO SBET 
(m2/g) 

33 52.34 11.39 5.61 10.81 2.17 16.66 3.89 13.62 
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Figure A7 XRD of single metallic oxides synthesized by sol-gel citric method (a: MnO2, b: Co3O4, 

c: NiO, d: CuO, e: SnO2 commercial, f: V2O5 commercial, g: ZnO, h:  ZrO2) 
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Figure A8  CO conversion of some single metallic oxides under deficient oxygen condition 
(O2/CO=1/4) 

Annex 1.2.2 Characterization and catalytic activity of bi-metallic oxides 
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Figure A9 XRD patterns of MnO2-SnO2=4-6 before and after CO oxidation reaction in deficient 

oxygen (O2/CO=1/4) 
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Figure A10 CO conversion of MnO2-SnO2 in deficient oxygen condition (O2/CO=1/4) at different 
reaction temperatures 

30

25

20

15

10

5

0

In
te

ns
ity

, a
.u

80604020
2 theta, degree

before

after

MnO2

ZnO

ZnO
MnO2 MnO2 ZnO

 
Figure A11 XRD pattern of MnO2-ZnO=5-5 before and after CO oxidation in  deficient oxygen 

condition 
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Table A2 Specic surface area of MnO2-ZnO samples 
Sample 

MnO2 MnZn 
9-1 

MnZn 
8-2 

MnZn 
7-3 

MnZn 
6-4 

MnZn 
5-5 

MnZn 
4-6 

MnZn 
3-7 

ZnO SBET 
(m2/g) 

5.61 6.27 23.78 21.66 14.52 23.62 32.17 22.34 13.62 
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Figure A12 CO conversion of MnO2-ZnO in deficient oxygen condition (O2/CO=1/4) at different 
reaction temperatures 
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Figure A13 CO conversion of MnO2-Co3O4 in deficient oxygen condition (O2/CO=1/4) at different 
reaction temperatures 
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Figure A14 XRD patterns of MnO2-Co3O4=7-3 before and after CO oxidation reaction under 

deficient oxygen condition (O2/CO=1/4) 
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Figure A15 SEM images of MnO2-Co3O4 =1-3 before (a) and after (b) reaction under deficient 
oxygen condition 

 
Table A3 CO conversion of some samples under sufficient oxygen condition (Figure 3.8) 

Temperature, 
oC MnCo 1-3 Co3O4 MnSn 4-6 MnO2 

100 6 1.8 0 100 
150 93 1.8 0 100 
200 92.3 10.9 0 100 
250 92.1 96 100 100 
300 91.6 96.7 100 100 
350 91.3 100 100 100 
400 91.3 100 100 100 
450 92.2 100 100 100 
500 92.7 100 100 100 
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Annex 2 The catalysts for simultaneous treatment of CO, 
C3H6 and NO 
Annex 2.1 The catalytic activity of bi-metallic oxides for simultaneous 
treatment of CO, C3H6 and NO 
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Figure A16 CO conversion (a), C3H6 conversion (b) and NO conversion (c) of some bimetallic 

oxides in gas flow containing 4.35% CO, 7.06% O2, 1.15% C3H6, 1.77% NO 
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Annex 2.2 The catalytic activity of MnCoCe catalyst for simultaneous 
treatment of CO, C3H6 and NO 

Annex 2.2.1 MnO2-Co3O4-CeO2 with MnO2/Co3O4= 1/3 

Table A4  CO conversion of MnCoCe catalyst with MnO2/Co3O4=1/3 in gas flow containing 4.35% CO, 7.65% 
O2, 1.15% C3H6, 0.59% NO (Figure 3.23a) 

Temperature, 
oC 

MnCoCe 
1-3-0.17 

MnCoCe 
1-3-0.38 

MnCoCe 
1-3-0.75 

MnCoCe 
1-3-1.26 

MnCoCe 
1-3-1.88 

100 0.49 98.40 99.6 99.58 99.63 
150 2.80 98.50 99.68 99.60 99.61 
200 98.71 98.42 99.56 99.67 99.54 
250 98.73 98.60 99.59 99.64 99.55 
300 98.75 98.67 99.73 99.66 99.41 
350 98.77 98.46 99.62 99.62 99.48 
400 98.81 98.44 99.77 99.75 99.51 
450 98.85 98.28 99.83 100 99.4 
500 98.86 98.33 99.91 100 99.48 

 
Table  A5 C3H6 conversion of MnCoCe catalyst with MnO2/Co3O4=1/3 in in gas flow containing 4.35% CO, 

7.65% O2, 1.15% C3H6, 0.59% NO (Figure 3.23b)  
Temperature, 

oC 
MnCoCe 
1-3-0.17 

MnCoCe 
1-3-0.38 

MnCoCe 
1-3-0.75 

MnCoCe 
1-3-1.26 

MnCoCe 
1-3-1.88 

100 96.89 98.71 97.44 97.75 3.4 
150 96.51 98.32 97.01 97.1 3.8 
200 96.73 98.02 96.79 97.69 95.39 
250 96.91 97.99 96.73 97.2 95.52 
300 97.08 97.99 96.94 97.49 95.53 
350 97.28 98.07 97.2 97.5 95.77 
400 97.52 98.24 97.49 97.65 95.62 
450 97.73 98.58 97.73 98.44 95.99 
500 97.91 98.88 98.1 98.19 96.37 

 
Annex 2.2.2 MnO2-Co3O4-CeO2 with different MnO2/Co3O4 ratio 

Table A6 CO conversion of MnCoCe catalysts in in gas flow containing 4.35% CO, 7.06% O2, 1.15% C3H6, 
1.77% NO (Figure 3.24, Figure 3.26 a) 

Temperature, 
oC 

MnCoCe 
1-3-0.38 

MnCoCe 
1-3-0.75 

MnCoCe  
7-3-1.11 

MnCoCe  
7-3-2.5 

MnCoCe  
7-3-4.29 

100 2.67 96.7 0 0 0 
150 4.37 96.17 0.72 1.59 0 
200 85.00 96.30 87.84 92.11 94.86 
250 85.98 94.97 86.75 96.80 95.20 
300 86.82 95.27 86.35 91.09 98.19 
350 87.40 94.81 86.73 88.70 99.31 
400 87.60 94.65 86.47 88.54 100 
450 90.36 93.46 85.80 88.16 99.23 
500 91.41 94.21 86.45 97.12 99.80 
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Table A7 C3H6 conversion of MnCoCe catalysts in 4.35% CO, 7.06% O2, 1.15% C3H6, 1.77% NO (Figure 3.24, 
Figure 3.26b) 

Temperature, 
oC 

MnCoCe 
1-3-0.38 

MnCoCe 
1-3-0.75 

MnCoCe  
7-3-1.11 

MnCoCe  
7-3-2.5 

MnCoCe  
7-3-4.29 

100 96.71 100 0 0 0 
150 96.86 100 0 98.56 2.99 
200 96.90 100 2.07 98.79 96.87 
250 97.26 100 91.83 98.24 97.48 
300 97.73 100 94.42 97.83 97.52 
350 97.67 100 95.76 97.65 97.53 
400 97.25 100 98.43 98.22 98.16 
450 97.63 100 98.62 98.75 98.76 
500 97.89 100 98.42 99.00 99.00 

 
Table A8  NO conversion of MnCoCe catalysts in 4.35% CO, 7.06% O2, 1.15% C3H6, 1.77% NO (Figure 3.24, 

Figure 3.26c) 
Temperature, 

oC 
MnCoCe 
1-3-0.38 

MnCoCe 
1-3-0.75 

MnCoCe  
7-3-1.11 

MnCoCe  
7-3-2.5 

MnCoCe  
7-3-4.29 

100 81.44 62.11 0 0 0 
150 85.89 63.54 0 48.95 0 
200 90.75 66.042 0.13 50.04 54.31 
250 93.38 70.56 24.11 62.32 60.38 
300 99.77 75.17 27.10 71.98 66.22 
350 100 82.10 42.88 75.98 73.14 
400 100 99.06 54.28 80.34 75.76 
450 100 92.00 74.83 83.12 78.79 
500 100 99.65 85.12 100 84.03 

 
Annex 2.2.3 Influence of aging condition on activity of MnCoCe catalysts 

Table A9  C3H6 conversion of MnCoCe 1-3-0.75 fresh and after aging in different conditions (Figure 3.35 a) 
Temperature, 

oC 
0 1 2 3 4 5 

100 97.44 0 1.96 3.1 0.39 3.58 
150 97.01 40.68 1.86 2.47 85.6 1.19 
200 96.79 65.31 94.48 95.01 90.02 98.74 
250 96.73 97.02 94.88 95.46 90.61 98.74 
300 96.89 93.72 95.32 95.62 91.63 98.77 
350 97.2 97.74 95.12 95.83 92.17 97.61 
400 97.49 97.91 95.46 96.05 93.86 97.96 
450 97.73 98.21 95.86 96.56 95.09 98.15 
500 98.09 98.09 96.63 97.31 96.24 98.62 

 
Table A10 CO conversion of MnCoCe 1-3-0.75 fresh and after aging in different conditions 

(Figure 3.35 b) 
Temperature, 

oC 
0 1 2 3 4 5 

100 99.56 0 0 0 0 0 
150 99.68 3.57 1.2 1.04 82.24 0 
200 99.56 97.47 1.34 2.08 82.48 98.67 
250 99.59 98.65 0.04 99.28 83.85 98.8 
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300 99.73 97.89 98.86 99.56 87.33 99.01 
350 99.62 98.01 99.35 99.78 88.85 98.69 
400 99.77 98.57 99.78 99.84 91.83 98.8 
450 99.83 99.03 99.03 99.34 95.09 98.84 
500 99.1 99.32 99.45 99.58 97.83 98.96 

 
Annex 2.2.4 Study on the improvement of catalytic activity of MnO2-Co3O4-CeO2 
catalyst by addition of the fourth metallic oxides 
  

Table A11 CO conversion of catalysts based on MnO2, Co3O4, CeO2, BaO and WO3 in the gas flow containing 
4.35% CO, 7.06% O2, 1.15% C3H6, 1.77% NO (Figure 3.41  a) 

Temperature, 
oC 

MnCoCe 
1-3-0.75 

15% BaO 10% BaO 5% BaO 15% WO3 5% WO3 

100 97 0 1.86 6.79 6.79 2.35 
150 96.17 1.92 3.18 6.03 6.03 1.74 
200 96.28 88.50 95.11 92.99 92.99 2.22 
250 94.97 88.64 91.84 92.38 92.38 95.73 
300 95.27 88.46 88.04 92.25 92.25 94.96 
350 94.81 91.46 87.30 92.84 92.84 94.98 
400 94.65 90.00 87.29 90.91 90.91 94.40 
450 93.46 92.05 87.17 91.40 91.40 92.79 
500 94.21 92.36 90.51 92.47 92.47 92.95 

 
Table A12 C3H6 conversion of catalysts based on MnO2, Co3O4, CeO2, BaO and WO3 in the gas flow 

containing 4.35% CO, 7.06% O2, 1.15% C3H6, 1.77% NO  (Figure 3.41 b) 
Temperature, 

oC 
MnCoCe 
1-3-0.75 

15% BaO 10% BaO 5% BaO 15% WO3 5% WO3 

100 100  0 96.49 8.89 8.89 0.42 
150 100 2.00 96.21 0.11 0.11 0.56 
200 100 82.85 96.16 94.89 94.89 93.29 
250 100 83.13 96.23 95.45 95.45 93.96 
300 100 85.18 96.67 96.04 96.04 94.48 
350 100 88.72 97.07 96.42 96.41 97.00 
400 100 90.49 96.42 97.37 97.37 97.50 
450 100 90.20 96.79 100 100 97.90 
500 100 91.14 96.94 100 100 98.87 

 
 

Table A13  NO conversion of catalysts based on MnO2, Co3O4, CeO2, BaO and WO3 in the gas flow containing 
4.35% CO, 7.06% O2, 1.15% C3H6, 1.77% NO (Figure 3.41 c) 

Temperature, 
oC 

MnCoCe 
1-3-0.75 

15% BaO 10% BaO 5% BaO 15% WO3 5% WO3 

100 62.11  0 77.59 3.65 3.65 1.189 
150 63.54 4.14 79.95 6.41 6.41 0.24 
200 66.04 53.05 83.51 27.99 27.99 20.77 
250 70.56 51.73 87.94 31.53 31.53 24.50 
300 75.17 52.36 93.17 34.36 34.36 24.78 
350 82.10 80.49 95.91 37.28 37.28 37.90 
400 99.06 94.21 98.46 43.35 43.35 40.25 
450 92.00 94.08 100 47.76 47.76 44.70 
500 99.65 98.69 100 50.45 50.45 50.33 
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Figure A17: Catalytic activity of MnCoCe 7-3-2.5 added CuO 
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Figure A18: Catalytic activity of MnCoCe 7-3-2.5 added ZnO 
 
Annex 2.3 The catalytic activity of MnCoNi catalysts for simultaneous 
treatment of CO, C3H6 and NO 

Annex 2.3.1 The catalytic activity of MnCoNi catalyst with different MnO2/Co3O4 
ratio 
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Figure A19 CO, C3H6 and NO conversion of catalyst MnCoNi 2-3-3 and MnCoNi 7-3-3 

 
Annex 2.3.2 The catalytic activity of MnCoNi 7-3-3 catalyst added CeO2 
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Figure A20 Catalytic activity of MnCoNi 7-3-3 and added 5% CeO2 sample 

 
 
 
 
 


