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Abstract 

The aim of this work was to manufacture and test non noble metal catalysts for CO oxidation 

and soot combustion. The feeding gases consist in the products of the combustion diesel in a 

Reformtech heater. These gases contain CO, CO2, H2O as well as small amounts of NOx and 

hydrocarbons. 

Two different catalysts were prepared for CO oxidation, based on cobalt oxide supported on 

ceria. 12Co/CeO2 with 12% weight of cobalt and 15CoOx/CeO2 with 15%. The first one was 

prepared by impregnation of cobalt nitrates in cerium oxide support; the second one was 

prepared by co-precipitation of cobalt and cerium nitrates. 

Another catalyst called 12Co4.5K/CeO2, with 12% cobalt and 4.5% potassium, was made for 

the simultaneous combustion of soot and oxidation of CO. The base also consisted in cobalt 

oxide supported on ceria, but with the addition of potassium which could stabilize the cobalt 

oxide particles. 

Both co-precipitation and impregnation methods gave the desired catalyst structure in the 
CO oxidation catalysts and both catalysts (12Co/CeO2 and 15CoOx/CeO2) showed activity. 

Nevertheless, the activity was lower than desired due to low surface area and mass transfer 

limitations. The catalysts also deactivated in less than three hours on stream, probably due 
to poisoning. 

The co-precipitation method for the 12Co4.5K/CeO2 catalyst gave the desired cobalt and 

cerium oxides, but no conclusion can be drawn regarding potassium since it was not shown 
in the XRD tests. 

The catalyst for both CO oxidation and soot combustion (12Co4.5K/CeO2) showed no activity 

for any of the reactions. Nevertheless, the tests performed to test the soot combustion 

ability were not conclusive and should be improved in future studies. 
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1. Introduction 

Combustion engines are widely used in the transport industry nowadays, including railroad, 

aviation and road vehicles. One of the most popular fuels is diesel, due to its high energy 

density. The applications of diesel go from large heavy duty engines for trucks to small 

engines for passenger cars. 

The decreasing amount of fossil fuels has made it very important to use these fuels in the 

most efficient way. As an example of this, some vehicles are starting to use fuel operated 

heaters to produce heat for the climate control system. The usefulness of these heaters lays 

on their high efficiency compared to idling the engine, which consists in having the engine 

on when the vehicle is not moving. The heaters are also a good alternative for heating in 

electrical vehicles, where the production of heat with electricity would be very inefficient. 
There are also other applications outside the automotive industry, such as heating for 

mobile homes or boats. 

The heaters can be operated by different kinds of fuels, such as diesel, gasoline or even 
alcohols like ethanol. This gives them a wide range of utilities and a good perspective 

towards the increase in the use of biodiesel and the constant search of alternative fuels. 

Some of the drawbacks of combustion engines and heaters are the environmental and 

health problems that derive from the products of the combustion of fuel. Some of the most 
important components in the exhaust emissions are carbon dioxide, carbon monoxide, 

particulate matter and NOx. 

Carbon dioxide (CO2) is one of the most important parts of the exhaust gases. It is a 
necessary product in the combustion of hydrocarbons and it is proportional to the amount 

of carbon in the fuel. It contributes to global warming. Therefore, it has a global effect. 

Carbon monoxide (CO) has a local effect. It may produce asphyxia if inhaled because it 
prevents the function of the hemoglobin, which is a component of the blood that carries 

oxygen to the cells. Depending on the length of the exposure, it may cause a headache or 

even death. It is produced in combustion with very little air, where the amount of oxygen is 

poor. This is normally not a problem in diesel engines since they run with air excess, but it 

can be an important issue in heaters that work with lower air to fuel ratios [1]. In order to 

understand the toxicity of CO, the effects of different concentrations are described in table 

1.1. 
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Concentration [ppm] Symptoms Time of exposure 
35 Headache and dizziness 6 to 8 hours 

100 Slight headache 2 to 3 hours 
200 Slight headache, loss of judgment 2 to 3 hours 
400 Frontal headache 1 or 2 hours 

800 
Dizziness, nausea and convulsion 45 minutes 

Insensible 2 hours 

1600 Headache, tachycardia, dizziness and nausea 45 minutes 
Death 2 hours 

3200 Headache, dizziness and nausea 1 to 2 minutes 
Death 30 minutes 

6400 
Headache and dizziness 1 to 2 minutes 

Convulsion, respiratory arrest and death 20 minutes 

12800 Unconsciousness 2 to 3 breaths 
Death 3 minutes 

Table 1.1. Health effect of CO for different concentrations in air. [2] 

Particulate matter, which includes soot, is a porous shell of carbon where hydrocarbons, 

sulfuric acid and nitric acid get stuck. This is the cause of the opacity of the exhaust gases. 

Those whose diameter is smaller than 2,5μm stay in suspension in the atmosphere while 
bigger particles fall to the ground. Some of these particles are stuck in the respiratory tract 

and may cause breathing problems. Others may reach the deep alveolus in the lungs and 

produce irritation or even cancer. This is produced by accumulation in a long time exposure. 

The particles are produced in combustions with too little air at high temperature, which 

causes pyrolysis of the fuel. Other particles come from unburnable parts in the fuel or liquid 

unburnt fuel. Thereafter, they clump together to form a structure or shell [1]. 

Nitrogen oxides (NO and NO2, usually called NOx) are produced mainly by the oxidization of 
the N2 in the air at very high temperatures. Otto engines run with more or less 

stoichiometric mixture, so NOx are a bigger problem in Diesel engines, which run with air 

excess. Engines produce most NO which is oxidized to NO2 and, after that, to other products 

like nitric acid. NO may produce asphyxia and NO2 contributes to acidification and 

eutrophication and it is a component of acid rain. Therefore, nitrogen oxides have an effect 

not only where they are produced, but even in places far away [1].  

An important issue that heaters raise is that they produce gases that must be added to the 

engine’s exhaust gases in order to calculate the total emissions of the vehicle, which must 

comply with the regulations on the matter.  
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The problems of the emission gases can be reduced with the help of catalysts that decrease 

the concentration of certain gases before they are released into the atmosphere. The 

challenge of catalysis is to be able to produce catalysts with high efficiency at a low price. 

Most of the catalysts that are used today in the car industry contain noble metals, such as 

platinum or palladium, which show a very good performance but have a very high price. For 

this reason, it has become a very important issue to research on the performance of non-

noble metals for catalysis in the vehicle industry. 

The European regulations Euro 5 and Euro 6 have emission standards of 0.5 g/km of CO and 

0.005 g/km of PM for passenger cars [3]. 

There is no specific legislation for car heaters, therefore the emissions of the heater 

combined with the emissions of the car must meet the requirements of the vehicle’s 

legislation. However, the system can be run also when the vehicle is parked and with the 

engine off. For that reason, it is very important to keep the exhaust gases at a not dangerous 

level, regardless of the legislation. 

1.1 Reformtech heating system 

The heater studied in this work consisted in a Reformtech heating system, shown in figure 

1.2, which burns fuel in order to produce heat. The method is based on patents [WO 

2013036198 A1, WO 2012005644 A1, WO 2013172770 A1] and it consists in a reactor where 
vaporized fuel and air are mixed homogeneously and then ignited. The gases of the 

combustion are taken through a heat exchanger that heats up a flow of liquid glycol, which is 

the fluid used in the climate control systems of commercial vehicles.  

 

Figure 1.2. Reformtech heating system 
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The system contains a catalyst in the exhaust pipe that has the purpose of keeping carbon 

monoxide concentration below a level of 35 ppm, since this gas is toxic above that level. 

The aim of the work described in this report is to design and manufacture a non-noble metal 

catalyst that oxidizes CO into CO2 for the specific conditions of temperature and gas flow of 

the Reformtech heating system. A second catalyst which also burns soot under the same 

conditions is also to be designed and manufactured. The aim is that these catalysts should 

be able to substitute the actual noble metal catalyst in the system. 

A review of the existing literature was made in order to get knowledge of the catalysts that 

have been made for CO oxidation and soot combustion and their different preparation 

methods. 

1.2 CO oxidation. 

Carbon monoxide abatement is mostly done by its oxidation into CO2. CO is a flammable gas, 

but relatively high concentrations are needed to start the combustion, so in order to 

eliminate it the reaction needs to be catalyzed [4]. 

Noble metals have been proved to have great activity for CO oxidation. Some metal oxides 

have also been proved to have a good oxygen storage capacity, which is very important 

when the catalyst is not going to work in constant conditions [4]. 

Some non-noble metal oxides, such as those of copper and cobalt, present high activity for 
CO oxidation, even though they are not as active as noble metals. As an example of this, 

Co3O4 and CuO had 80% and 45% relative activity respectively when compared to Pt at 300°C 

for 1% CO in O2 excess [5]. The principal advantage of the non-noble metal catalysts is their 
lower price and the main problem they present is their low resistance to deactivation by 

sulfur and water. Since nowadays fuels have a very low content in sulfur, the use of cobalt 

and copper oxides could be an interesting alternative to noble metals [4]. 

Cobalt oxide has a high activity for carbon monoxide oxidation. Its activity seems to be 

independent of the BET surface area and, therefore, of the structure of the material [6]. 

Comparing the cobalt oxides, Co3O4 is the one with best activity and it is a stable oxide. 

Copper oxides, on the other hand, are less stable than cobalt oxides and their oxidation state 

may change during the reaction. 

The presence of water is a big inhibitor of the reaction when the cobalt oxides are 

unsupported [7]. Using CeO2 as a support can help increase the resistance of the catalyst to 
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be deactivated by water [8, 9]. Compared to alumina or silica, CeO2 gives cobalt oxide a 

better activity for CO oxidation. It has also been proven to be active for carbon monoxide 

oxidation, so it can work both as support and as an active phase simultaneously. 

The range of temperatures were a catalyst is active is also an important factor to consider. 

The light-off temperature for a CoOx/CeO2 catalyst was reported to be 135°C, which means 

that the conversion of CO was 50% at that temperature [4]. This would fit the conditions of 

the experiments in this work. 

1.3 Soot combustion. 

The abatement of soot particles from the exhaust gases of diesel combustion is done mainly 

by using filters. These filters collect the particles from the gas stream, but need to be 

cleaned periodically because they may produce a very high backpressure in the system. One 
solution is to impregnate the filter with a catalyst in order to combust the soot particles as 

they get collected [10]. 

One of the problems to consider in the design of a catalyst for soot combustion is that the 
activity of some catalysts might be affected by the intensity of contact between the soot and 

the catalyst. Since soot is made mainly of solid particles, the contact between the active 

phases in the catalyst and the soot may not be so easily achieved [11, 22]. For this reason, 

the geometry and size of the monolith and the size of the particles of soot will play an 
important role on soot combustion. 

There is a possibility of promoting NOx
 and soot simultaneously, by reducing NO2 into NO 

and oxidizing soot into CO2 [10, 13]. This could not be achieved in the conditions of this work 
because the amount of NOx is too low. 

Cerium oxide catalysts have shown great activity for soot oxidation using O2 as an oxidation 

agent [14].  It can also work as a support for other metal oxides. Alumina has also been 

widely used for this purpose [15]. 

Between the materials that are used in CO oxidation catalysts, it is possible to find metal 

oxides that can be used for soot catalytic combustion. Cobalt oxide supported on ceria has 

been used as a catalyst for soot combustion in combination with potassium, which stabilizes 

the particles of cobalt oxide [16]. Magnesium oxide has also been used as a support for CoOx 

and K [17, 18, 19] but its performance on carbon monoxide catalytic oxidation is worse than 

for ceria. 
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1.4 Prepared catalysts. 

Two different catalysts were prepared for CO oxidation, both are cobalt oxide supported on 

ceria. These two catalysts are based on the preparation techniques in [16, 20]. They are 

referred to in this report according to their original names 12Co/CeO2 and 15CoOx/CeO2, 

where the number refers to the weight percentage of cobalt. The first one was prepared by 

impregnation of cobalt nitrates in cerium oxide support; the second one was prepared by co-

precipitation of cobalt and cerium nitrates. 

Another catalyst called 12Co4.5K/CeO2 was made for the simultaneous combustion of soot 

and oxidation of CO. The base also consisted in cobalt oxide supported on ceria, but with the 

addition of potassium which could stabilize the cobalt oxide particles. This catalyst is based 

on the work done in [16]. 

2. Catalysts preparation  

Three different catalysts, 12Co/CeO2, 15CoOx/CeO2 and 12Co4.5K/CeO2, were prepared with 

different methods. This way, their performance could be compared. 

2.1 Catalyst for CO oxidation 12Co/CeO2 

The 12Co/CeO2 was prepared by an impregnation method described in [16]. This method 

consists in introducing the active phase (cobalt) into the pores of a support material 

(cerium). The support is presented in a thin powder that is not soluble in water, while the 
active phase is a salt that is dissolved in water. The support is introduced into the solution 

and they are stirred together in order to achieve a homogeneous suspension. This mixture is 

then warmed up until the water is evaporated so the support stays inside the pores of the 

support. 

In order to obtain a final proportion of 12% Co of the overall weight, 123g of Co(NO)3∙6H2O 

aqueous solution were added to a suspension of 183g of CeO2 in water.  

The mixture was then heated up with a heating plate at 100°C and stirred with a blender at 

1000rpm until the water was evaporated and a paste was achieved.  

The obtained paste was dried in the oven at 120°C. The sample was kept inside the oven 

during 1 hour and then it was stirred manually with a small spoon. This process was 

repeated several times until the paste was completely dried. The reason to do this is to avoid 

having different concentrations of cerium oxide in the top and in the bottom of the paste. 
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The mixture was then calcined at 500°C for four hours with warming-up and cooling-down 

rates of 10°C/min. The objective of calcination is to remove the nitrates and to form the 

desired metal oxide phases at high temperatures. 

The resulting powder was very thick for coating the monolith directly, so it was mixed with 

ethanol and ball milled for 24 hours in order to achieve a very fine grain for the monolith 

coating. The monolith used had 200cpsi and was made of cordierite. 

The coating consists in introducing the monolith into a recipient where the catalyst powder 

is suspended in ethanol. It is then dried in an oven at 80°C in order to evaporate the ethanol 

and keep the powder on the monolith’s walls. The monolith’s weight is measured after being 

dried so the mass of catalyst powder added can be known. This process is repeated several 

times until the desired weight has been added to the monolith. 

Two different loadings were done for this catalyst, 2g/in3 and 4g/in3. 

2.2 Catalyst for CO oxidation 15CoOx/CeO2 

The preparation method for this catalyst was based on the work described in [20]. It is a co-
precipitation method where the active phase and the support are precipitated together from 

their salts in an aqueous solution. 

In order to have 15% weight of Co3O4 (resulting in 11% weight of Co), 150 g of 

Ce(NO3)3∙6H2O and 210 g of Co(NO3)2∙6H2O were dissolved in distilled water. 

The mixture was stirred while a 1M solution of Na2CO3 in water was added at a rate of 2-4 

ml/min. This addition would make the cerium and cobalt precursors precipitate. 

The pH of the solution was used as a reference to know the concentration of the 
compounds. When it reached 8, the mixture was aged for 3h, which means that it was left 

sitting during that time in order to stabilize the concentrations and make it homogeneous.  

After that, it was washed several times to remove the excess of ions in the water. This is 
done by adding distilled water to the mixture and the filtering it, so the water removes the 

ions that are still left.  

In order to remove all the water, the mixture was dried in an oven at 110°C for 

approximately 15h. It was then calcined at 650°C for 5 hours with warming-up and cooling-

down rates of 5°C/min. 
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The resulting powder was ball milled in ethanol for 24h. The monolith was coated with a 

loading of 2g/in3 and the calcined again in the same conditions of the previous calcination. 

The monolith used had 200cpsi and was made of cordierite. 

2.3 Catalyst for simultaneous CO oxidation and soot combustion 12Co4.5K/CeO2 

This catalyst was prepared by co-precipitation of Co and K and impregnation on CeO2. The 

method was based on the one used in [16]. This method is very similar to the method 

described in 2.1, but potassium and cobalt are both presented as salts and dissolved 

together in water. The support is added to this solution and stirred to achieve homogeneity. 

The mixture was warmed up to evaporate the water so both active phases precipitate 

together in the pores of the support. 

To obtain a proportion of 12%Co and 4.5%K of the overall weight, an aqueous solution of 
12.5g of K and 100g of Co(NO)3∙6H2O was added to a suspension of CeO2 in water. 

The resulting mixture was heated up, dried, calcined, ball milled and coated onto a 200cpsi 

cordierite monolith, following the same procedure described in the point 2.1. The loading of 
the monolith was 2g/in3. 

3. Catalysts characterization  

Two analyses were done to the catalysts in order to know about their composition and 

surface area. The compositions are important to be able to check that the catalysts obtained 

after the preparation are the ones desired. The surface area is a very important factor in 

catalysts performance, since the catalytic reactions take place on the surface and the pores 

of the grains. It is, therefore, desirable to have a higher surface area and pore distribution. 

The first analysis was the X-ray diffraction method (XRD). This method consists in 

bombarding a sample of a material with X-rays while it rotates. This produces the diffraction 

of the rays in a certain pattern depending on the composition and crystalline structure of the 

sample. The reflections are collected and a model of the density of electrons is obtained 

based on the angles and intensities of the diffracted rays. This electron density determines 

the position and chemical bonds of the atoms, which means that the elements in the sample 

and their structure can be obtained. These tests were done in a Siemens D5000 

diffractometer with Cu Kα radiation.  
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The XRD analysis allows to calculate the particle size with the Scherrer equation. This 

formula relates the width of the peaks in the XRD pattern with the size of the crystallites in a 

solid compound. The Scherrer equation is described below. 

𝜏 =
𝐾𝐾

𝛽 cos 1
2 (𝜃)

 

τ: mean size of the ordered crystallite domains 

K: shape factor, equal to 0.94 for Co3O4 and CeO2 

λ: X-ray wavelength for Cu Kα radiation, 0.15418 nm 

β: full width at half maximum of the peak, in radians 

θ: Bragg angle 

The analysis of the surface area was done by the Brunauer-Emmett-Teller method (BET). This 

method consists in measuring the adsorption and desorption of gas in a sample. The amount 

of adsorbed gas can be correlated to the pore volume and size and to the total surface area. 
These tests were performed with a Micrometrics ASAP 2000 unit. 

4. Experiments 

Different types of experiments were done in order to check the performance of the 

catalysts. Four catalysts were tested: 12Co/CeO2 (2g/in3 and 4g/in3); 12Co4.5K/CeO2 (2g/in3); 
15CoOx/CeO2 (2g/in3). A commercial catalyst was also tested as a reference.  

Tree different experiments were performed in order to check the activity, the deactivation 

time and the soot combustion ability. All of the tests were carried out in a Reformtech 
system using diesel as a fuel. 

The CO oxidation activity test consisted in running the system for no more than 10 minutes 

in order to check the activity of the catalysts. The combustion in the system had the 
characteristics summarized in table 4.1. 

Temperature catalyst [°C] 300-350 

Temperature ambient [°C] 10-15 

Lambda 1.35 

Air flow [NL/min] 200 

Fuel flow [g/min] 8.3 

Table 4.1. Conditions of the combustion in the Reformtech heating system during the experiments. 
Lambda refers to the relation between the air fuel to ratio in the experiment and the stoichiometric 

air to fuel ratio. 
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The experiment to test the deactivation time for CO oxidation was done by running the 

system until the concentration of the exhaust gases was similar upstream and downstream 

the catalyst. 

The soot combustion ability was tested for the 12Co4.5K/CeO2 catalyst only. A special 

monolith was used, combining a commercial catalyst with the 12Co4.5K/CeO2 catalyst. 

4.1 Experimental setup for CO oxidation test 

In all experiments, a Reformtech heater was run and the exhaust gases were sent through 

the catalyst. The emissions were measured upstream and downstream the catalyst by an 

FTIR device. A thermocouple was introduced inside the catalyst holder, 5 cm downstream 

the monolith, in order to measure the temperature of the gases during the catalyzed 

reaction. This configuration is described schematically in figure 4.1.  

 
Figure 4.1. Schematic view of the setup of the experiments. 

The experiments were carried out in a chamber at 10-15°C and at atmospheric pressure. The 

chamber was ventilated so the fumes from the combustion would not accumulate and there 
would always be clean air available for the heater. 

The combustion took place in a Reformtech heater as described in figure 4.2. In these 
heaters the fuel is sprayed into the system through a nozzle while the air is blown around it 
with a fan. The mixture is then ignited with a glow plug and the flame is stabilized with the 
help of mixing plates. The products of combustion are taken through a heat exchanger 
where the heat is transferred to the water. After this, the gases are taken through the 
catalyst and then released into the atmosphere. The temperature of the exhaust gases when 
they reach the catalyst is between 300 and 350°C. 
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Figure 4.2. Description of the operation in a Reformtech heating system. 

In all of the experiments, the monoliths were introduced inside a metallic catalyst holder. It 

was covered with an isolating material in order to keep the temperature inside as high as 

possible. The holder was put into the stream of the exhaust gases with an inlet and an outlet 
pipe. This layout is shown in figures 4.3 and 4.4. The monoliths were cut into rectangular 

prisms of 30x80x22mm being the last dimension parallel to the flow. The cell density of the 

monolith was 200cpsi. 

 
Figure 4.3. Catalyst holder setup. 
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Figure 4.4. View of the interior of the catalyst holder. 

The gas flow consists of the products of diesel combustion at a temperature between 300°C 

and 400°C The composition of the exhaust gases is described in table 4.2. 

CO (ppm) 300-400 

NO (ppm) 40-50 

CO2 (%) 8-11 

Diesel (ppm) 2-10 

H2O (%) 9-12 

Formaldehyde (ppm) 1-3 

Table 4.2. Exhaust gases fed to the catalysts. 

4.2 Experimental setup for soot combustion test 

The combustion in the heater did not produce any soot, so the test was not run with the 

heater. Instead, soot particles were placed on the surface of the monolith. A special 

monolith, described in figure 4.5, was made with this catalyst and a commercial catalyst. A 

hot air gun provided air at 350°C from a distance of 2 cm, as shown in figure 4.6. The 

monolith was checked after 10 minutes on stream in order to visually check the deposition 

of soot inside the channels of the monolith and compare the ability of both catalysts to get 

rid of the soot particles. 
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Figure 4.5. Monolith usued in the soot burning test combining the 12Co4.5K/CeO2 catalyst and the 

commercial catlyst. 

 
Figure 4.6. Experimental setup for the soot burning test with catalyst 12Co4.5K/CeO2. The figure 

shows a hot air gun in front of the monolith and a thermocouple with a reader. At the top left there 
is a close up of the monolith. 
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5. Results 

The results from the experiments are presented below. 

5.1 Characterization of the catalysts 

The XRD analysis gave CeO2 and Co3O4 as the main components in all the catalysts. No traces 

of CoO or other metal oxides were found. In addition to this, no traces of potassium 

compounds were found in the sample from the 12Co4.5K/CeO2 catalyst since the peaks are 

too small to be noticed in the spectrum. The XRD curves are described in figures 5.1, 5.2 and 

5.3. The analysis and the calculation of the particle size are included in table 5.1. 

 
Figure 5.1. XRD spectrum of the 12Co/CeO2 catalyst. 

The peaks in red correspond to CeO2, while the peaks in blue correspond to Co3O4. 

 
Figure 5.2. XRD spectrum of the 15CoOx/CeO2 catalyst. 

The peaks in red correspond to CeO2, while the peaks in blue correspond to Co3O4 
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Figure 5.3. XRD spectrum of the 12Co4.5K//CeO2 catalyst. 

The peaks in blue correspond to CeO2, while the peaks in red correspond to Co3O4. 

 

12Co/CeO2 15CoOx/CeO2 12Co4.5K/CeO2 

XRD component CeO2 Co3O4 CeO2 Co3O4 CeO2 Co3O4 

Particle size (nm) 23.85 25.62 13.12 20.69 24.99 31.65 

Table 5.1. XRD compounds and particle sizes for 12Co/CeO2, 12Co4.5K/CeO2 and 15CoOx/CeO2 
catalysts. 

The results from the BET tests are shown in table 5.2. 

 
12Co/CeO2 15CoOx/CeO2 12Co4.5K/CeO2 

Surface area (m2/g) 2.60 26.77 1.07 

Pore volume (m3/g) 0.012 0.125 0.005 

Average pore diameter (Å) 192.20 182.13 200.77 

Table 5.2. BET analysis results for 12Co/CeO2, 12Co4.5K/CeO2 and 15CoOx/CeO2 catalysts. 

5.2 Catalytic activity tests 

The results from the activity test are summarized in table 5.3. 

Catalyst 
T 

[°C] 

CO up. 

[ppm] 

CO down. 

[ppm] 

Conversion 

[%] 

Conversion 

[molCO/gwashcoat*min] 

12Co/CeO2 (2g/in3) 315 385 200 48.1 2.56e-4 

12Co/CeO2 (4g/in3) 340 385 250 35.1 9.35e-5 

12Co4,5K/CeO2 (2g/in3) 325 405 400 1.2 6.93e-6 

15CoOx/CeO2 (2g/in3) 305 450 175 61.1 3.81e-4 

Commercial 340 395 10 97.5 5.34e-4 

Table 5.3. Results from the activity tests performed with the different catalysts. 
The table shows the values of CO concentration upstream and downstream the catalyst. 
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The values of the CO concentrations correspond to the measurements made by the FTIR 

device before (upstream) and after (downstream) the catalyst. The conversion is calculated 

by dividing the difference between CO concentration upstream and downstream the catalyst 

by the concentration of CO upstream the catalyst. The temperature change is caused by the 

little controllability of the combustion conditions. 

5.3 Deactivation time 

The results from the deactivation time tests are shown in figures 5.4 and 5.5. For this test, 

the catalysts were run continuously and the activity was measured upstream and 

downstream the catalyst until the conversion rate was zero. The tests were done at 

Reformtech with an FTIR device. 

 
Figure 5.4. Variation with time on stream of the CO concentration downstream the catalysts. 
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Figure 5.5. Variation with time on stream of the conversion of CO. 

5.4 Soot combustion 

The tests showed no activity for soot combustion. The monolith was visually checked and 

both were covered with soot, no difference could be found between the amounts of soot in 
each side of the monolith. This suggests that the catalyst is not capable to combust soot in 

the conditions of the experiment. 

6. Discussion 

The results show that the catalysts for CO oxidation showed activity, but they deactivated 

very fast. The catalyst that was designed to both oxidize CO and burn soot had no activity for 

any of the reactions. The results of the different types of catalysts will now be discussed. 

The conditions inside the combustion tube were not the same in every experiment due to 

small dimensional variations and differences in the ambient conditions. This led to different 

proportions of CO in the different experiments. For this reason, the results of catalytic 

activity should be compared taking this factor into consideration. 
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6.1 CO oxidation over catalysts 12Co/CeO2 and 15CoOx/CeO2 

The activity and the composition of the catalysts for CO oxidation was studied considering 

the results of the experiments. 

6.1.1 Characterization 

The XRD tests proved that the main components in all the catalysts were Co3O4 and CeO2, 

having almost no trace of other cobalt or cerium oxides. This means that the preparation 

methods led to the desired components.  

BET surface area is an important factor to determine the activity of a catalyst, since this area 

will determine the amount of active spots, where the reaction takes place. The surface area 

was 2.60 m2/g for the 12Co/CeO2 catalyst, which is about ten times smaller than the surface 

area of the catalyst used as a reference in [19]. On the other hand, the surface area was 

26.77 m2/g for the 15CoOx/CeO2 catalyst, which is not far from the surface area (44.2 m2/g) 

in the catalyst used as a reference in [20]. These BET surface area values can be considered 

to be very small compared to other catalysts of the same kind. This might explain why the 
catalysts were not able to oxidize a greater amount of CO. 

The larger BET surface area of the 15CoOx/CeO2 can be explained by calculating the particle 

diameter from the XRD results. The particle diameter of the cobalt oxide and the cerium 
oxide particles is smaller for this catalyst that for the 12Co/CeO2 catalyst, which leads to 

higher BET surface area. 

The conversion was higher for the catalyst prepared by co-precipitation (15CoOx/CeO2) than 

for the one prepared by impregnation (12Co/CeO2). The impregnation was done by stirring a 

mixture of ceria powder in an aqueous solution of cobalt nitrate while slowly evaporating 

the water. This stirring process did not manage to produce a homogeneous mixture when 

most of the water was evaporated, as could be noticed because the color of the paste was 

not homogeneous. The stirring had to be done by hand then. The difficulty of this process 

and the very low BET surface area that it provided are reasons to recommend the use of the 

co-precipitation method instead of the impregnation method. 

A higher loading of the 12Co/CeO2 catalyst on the monolith did not increase the activity, 

which suggests that there is a mass transfer limitation. This means that the diffusion process 

inside the solid material is low and, therefore, the molecules cannot reach all the active sites 

of the catalyst. The molecules of CO have difficulties to penetrate inside the layers of 

catalyst and, therefore, adding more layers does not increase the conversion. The fact that 
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the conversion decreased about 10% when the loading was increased can also be explained 

by mass transfer limitations. A greater amount of catalyst in the pores of the monolith would 

decrease the outside surface that is exposed to the reactants. Since the reaction only takes 

place in the outside surface, and this is now smaller, the conversion has to be smaller in 

accordance. This phenomenon is explained in figure 6.1. The squares represent a section of 

the channels in a monolith. The channel on the right has a higher loading of catalyst and, 

therefore, the surface that is exposed to the reactants is smaller, resulting in a lower 

conversion. 

 
Figure 6.1. Schematic picture of the channels in a monolith with different loadings of catalyst. 

The conversion with the co-precipitation method (15CoOx/CeO2) was higher than with the 
impregnation method (12Co/CeO2), but it was not close to the activity of the commercial 

catalyst. 

The catalyst used as a reference [20] to make the 15CoOx/CeO2 catalyst had a light-off 
temperature of 125°C with reaction gas mixture of 1% CO and 0.5% O2 in N2 at space velocity 

of 3x104h-1. The conditions in the experiments of this work were very different, since the 

mixture of gases was not stoichiometric, but had a big excess of O2 and other gases. 

6.1.2 Activity 

All the catalysts deactivated in less than three hours on stream. One of the causes of the 

deactivation could be poisoning, which consists in the chemisorption of compounds on the 

catalyst active sites, not letting the reaction take place [21]. The catalyst used as a reference 

[20] to make the 15CoOx/CeO2 catalyst had almost no activity loss after 8000 hours on 

stream at 150°C. Their experiments were done with a reaction gas mixture of 1% CO and 

0.5% O2 in N2 at space velocity of 3x104h-1. The experiments in this report were made with a 

reaction mixture containing many other different gases which come from the combustion of 

diesel. This fact supports the hypothesis of deactivation by poisoning. 
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Water is known to be a poison for oxide metal catalysts. The content of water vapor in the 

feeding gases was around 10%, which could be enough to deactivate the catalysts in a short 

period of time on stream. One of the challenges that the catalysts had to face was the 

resistance to being deactivated by water. 

In order to confirm the hypothesis of poisoning by water, the monoliths that had been used 

for the experiments were taken into a stream of air at 300°C for two hours. The molecules of 

water that might be occupying the active sites and, therefore, poisoning the catalyst could 

evaporate into the stream of air. After this, the catalysts were tested again in similar 

conditions to check if they were active again, but the tests showed that they were still not 

active. Unfortunately, these results are not enough to reject the hypothesis of deactivation 

by water. The water molecules can be held in the catalyst by other forces, such as capillarity 

in the pores. 

Sulfur oxide (SO2) is also a common poison for catalysts. It can be harmful to the cobalt oxide 

catalysts since a few ppm can deactivate it completely even at low temperature [4]. The 
experiments made in [22] proved that the exposure of Ce3O4/CeO2 catalysts to sulfur oxide 

could deactivate this catalyst by the formation of sulfates under oxidizing conditions and 

with a concentration of sulfur oxide of 300ppm. It is also undesirable to have sulfur oxide in 

the exhaust fumes of combustion engines because it is a gas with a very bad smell which can 
produce irritation and respiratory problems [1]. For these reasons, the content of sulfur in 

diesel fuel is limited. Euro V limits the content of sulfur in the fuel to 10ppm weight [3] and 

which would give less than 0.05 ppm of sulfur oxide in the exhaust gases in the case of total 
oxidation. This value is about four orders of magnitude lower than the amount in the 

experiments in [22]. For this reason, it seems unlikely that the reason for deactivation was 

poisoning by sulfur. 

Another mechanism of deactivation can be fouling, which is the deposition of particles onto 

to the active sites that block these sites for the reaction [21]. In diesel combustion it is 

possible to produce soot, which could easily be deposited on the catalyst surface. For this 

reason, the monoliths were weighted before and after being on stream, but no difference 

was noticed. This suggests that there is no particle deposition.  

Having no difference in weight also suggests that there is no loss of active material. This 

phenomenon takes place when the coalescence of the particles is low and the flow of gases 

has enough strength to rip the particles off. 
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Sintering and thermal degradation can also be reasons for catalyst deactivation. These can 

increase the particle size and the dispersion, therefore changing the active sites for the 

catalyzed reaction. Nevertheless, the catalysts where calcined at temperatures higher than 

500°C, which is around 200°C above the temperature of the catalyst during the experiments. 

This should make the catalysts resistant to sintering at the temperature of the experiment. A 

XRD test could be done to confirm if there is any thermal degradation or sintering by 

checking if the particle size has changed. 

The components in the catalyst can react and produce new components with different or no 

activity. A XRD test could also check if the components have changed during the operation of 

the catalyst. 

6.2 CO oxidation and soot combustion over catalyst 12Co4.5K/CeO2 

The catalysts produced for CO and soot oxidation had no activity for any of the reactions. 

The lack of activity for the carbon monoxide oxidation reaction can be partly explained from 

the extremely low BET surface area, just 1.07 m2/g. As explained above for the previous 
catalysts, this surface area is usually about two orders of magnitude bigger for oxide metal 

catalysts. 

The catalyst was analyzed with the XRD method. It proved that the main components were 

CeO2 and Co3O4. The potassium particles could not be traced by the analysis and, therefore, 
there was no information about the structure that this element had or the compounds that 

it formed. 

The XRD also showed that the particle diameter of both cobalt oxides and cerium oxides was 
larger than the particle diameter in the 12Co/CeO2 catalyst, which was prepared with the 

same method and had the same Co/Ce rate. This might explain why the BET surface area 

was smaller for the 12Co4.5K/CeO2. Since the previous catalyst was active for CO oxidation, 

the 12Co4.5K/CeO2 catalyst could be expected to also have activity for that reaction. 

Nevertheless, the conversion of CO when this catalyst was used was none. One of the 

reasons for this might be that the potassium acts as a poison and, therefore, inhibits the 

reaction. 

The catalyst was not able to burn soot in the conditions of the experiment. The initial 

purpose of the catalyst was to be able to combust the small soot particles produced during 

the fuel combustion. This should prevent these particles from blocking the monolith’s holes 

and from being released to the atmosphere. However, the system did not produce any soot 
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at the moment of the experiments, so an alternative test had to be designed. In the 

alternative test, the soot particles were manually introduced into the monolith’s holes and 

air at 300°C was blown onto the catalyst. In this alternative test, the particles of soot were 

probably very big compared to the hole size of the monolith, which means that there was 

low contact between the soot and the active phases in the catalyst. In addition to this, the 

monolith was not contained inside a catalyst holder, instead it was surrounded by air at 

room temperature. This means that the temperature in the catalyst was lower than it would 

have been in the original conditions of the test. Big particle size and low temperature are 

factors that prevent the catalyst from having a higher activity. 
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7. Conclusions 

The conclusions drawn from this work are summarized below: 

• The catalysts for CO oxidation (12Co/CeO2 and 15CoOx/CeO2) showed activity. 

• Both co-precipitation and impregnation methods gave the desired catalyst structure 

in the CO oxidation catalysts. 

• The co-precipitation method gave a higher BET surface area than the impregnation 

method, even though it was smaller than expected for both methods. 

• The co-precipitation method produced smaller crystalline size of the particles of 

cobalt and cerium oxides. 

• The catalytic reaction was mass transfer limited, since the loading did not change the 

activity. 

• The catalysts for CO oxidation deactivated in less than three hours on stream. The 
probable reasons are poisoning by water, sintering or later reaction in the catalyst. 

• The catalyst for both CO oxidation and soot combustion (12Co4.5K/CeO2) showed no 
activity for any of the reactions. Nevertheless, the tests performed to test the soot 
combustion ability were not conclusive and should be improved in future studies. 

• The co-precipitation method for the 12Co4.5K/CeO2 catalyst gave the desired cobalt 
and cerium oxides, but no conclusion can be drawn regarding potassium. 

Further study of the matter could focus on the reasons of catalyst deactivation. It could also 
work on optimizing the preparation methods in order to achieve a higher surface area of the 

catalysts and, therefore, a higher conversion rate. 
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