
VŠB – TECHNICAL UNIVERSITY OF OSTRAVA 

Faculty of Metallurgy and Materials Engineering 

 

 

 

 

DOCTORAL DISSERTATION 

Supported shaped catalysts based on cobalt mixed oxides for 

N2O decomposition 

 

 

Ing. Anna Klegova 

 

 

 

 

 

Supervisor: Prof. Ing. Lucie Obalová, Ph.D. 

Ostrava, 2017 

  



Acknowledgements 

My first and foremost gratitude goes to my supervisor Prof. Lucie Obalová (head of IET, 

VŠB-TU Ostrava and head of the research group “Heterogeneous catalysis”) for accepting me as 

a researcher and giving me the chance of conducting my Ph.D. work in her group. I am grateful 

for her continuous guidance and keen interest in my work. I am truly thankful for all her help, 

support and encouragement in both professional and personal matters. 

My specials thanks go to Dr. Kateřina Pacultová (head of “Laboratory of air protection” IET, 

VŠB-TU Ostrava) for her help, support, useful advice and insightful discussions during this work. 

I want to thank Prof. Wilhem Schwieger and Dr. Amer Inayat (research group “Heterogeneous 

Catalysis and Porous Material”, Institute of Chemical Reaction Engineering, Friedrich-Alexander 

University, Erlanger-Nurnberg Germany) for the possibility to use laboratory equipment 

in laboratories of Chemical Reaction Engineering Institute, for their advices and 

welcoming approach during my research stay there.  

I would like to express my thanks to  

Bc. Tomaš Kiška (FMMI, VŠB-TU Ostrava) for his laboratory work, 

Dr. Květuše Jirátová (ICPF, Prague) and Prof. František Kovanda, (Department of Solid State 

Chemistry, UCT, Prague) for AAS and XRD measurements and for helpful advice and insightful 

discussion of the catalyst preparation and characterization, 

Dr. Ivana Troppová  and ing. Jaroslav Jang (Laboratory of nanostructured materials, 

IET, VŠB-TU) for BET analysis and for their expert advice on the catalyst preparation, 

Ing. Anastasia Volodarskaja (RMSTC, VŠB-TU Ostrava) and Ing. Taťána Radkovská (FMME, 

VŠB-TU Ostrava) for SEM-EDX measurements, 

Dr. Alexander Martaus (IET, VŠB-TU Ostrava) for XRD and SEM-EDX measurements, 

Dr. Pavlína Peikertová (CNT, VŠB-TU Ostrava) and Ass. Prof. Michal Ritz (FMME, VŠB-TU 

Ostrava) for IR and Raman spectroscopy analyses,  

Ing. Dagmar Fridrichová (IET, VŠB-TU Ostrava) for TPR-H2 measurements, 

Dr. Pavel Buček (IET, VŠB-TU Ostrava) for AAS measurements,  

Ing. Sona Študentová (CNT, VŠB-TU Ostrava) for mercury porosimetry 

measurements. 

I want to thank team of “Laboratory of air protection” (IET, VŠB-TU Ostrava) for technical 

support and for providing a friendly working atmosphere. 



I would like to express my deepest gratitude to all my family members and friends, without 

whose unwavering support and continuous encouragement I would never have made it this far. 

 

The presented work was financially supported by Czech Science Foundation (project No. GA14- 

13750S), by Technology Agency of the Czech Republic (project No. TA01020336 “Abatement of 

N2O emissions from waste gas of nitric acid production“), by Ministry of Education, Youth and 

Sports of the Czech Republic in the “National Sustainability Program I” (project No. LO1208 

“Theoretical Aspects of Energetic Treatment of Waste and Environment Protection against 

Negative Impacts”) and by the projects of specific research of VŠB – TU Ostrava (No. 

SP2014/48, SP2015/125, SP2016/62, SP2017/92). 

 

  



 

 

 

 

 

 

 

 

 

 

 

Declaration  

I declare that I elaborated this doctoral dissertation independently and I used only those 

references summarized in List of references.  

In Ostrava ……………………......  

Ing. Anna Klegova 

  



Abstract 

This Ph. D. thesis focuses on the research of supported catalysts based on cobalt mixed 

oxides for low temperature N2O decomposition applicable in the reduction of N2O emissions 

from HNO3 production plants. 

The first part of this work focuses on the study of laboratory reactors for shaped catalyst testing. 

The influence of macro kinetic elements on the N2O conversion for two types of reactors (SPSR 

and FBR) was evaluated. Catalytic test conditions suitable for obtaining kinetic data not affected 

by macro kinetic elements, which would allow direct data transfer to a larger scale, were 

determined. Experimentally obtained results were confirmed by mathematical modeling.  

In the second part of this thesis, cobalt catalysts deposited on different commercial supports in the 

pelletized and open-cell foam form were studied for N2O decomposition. The relationship 

between the method of catalyst preparation, their physico-chemical properties evaluated by 

available methods (AAS, BET, XRD, SEM, FTIR, Raman, Mercury porosimetry, H2-TPR) and 

catalytic properties were studied. 

In the case of Co3O4 deposited on the different kinds of pelletized supports (TiO2, Al2O3, and Mg-

Al mixed oxides with various Mg and Al), it was found that Co3O4 deposited on a support with a 

high content of Mg (70 wt. % Mg + Al2O3) possessed the highest catalytic activity among the 

supported samples, in spite of the fact that it contained hardly reducible compounds. This can be 

explained by the presence of active sites with easier reducibility and better dispersion of active 

phase on the surface of the support, which in turn contributes to a higher number of available 

active sites. 

The part dealing with cobalt based catalyst deposited on the open-cell ceramic foam consists of 

the following steps: 

 Determination of the optimal preparation method: Supported Co3O4 and Co4MnAlOx mixed 

oxides were deposited on the SiC open-cell foams by wet impregnation and suspension 

methods. Suspension method provides active phase with higher surface areas and sites with 

better reducibility, both of these factors contribute to higher N2O conversions in comparison 

with samples prepared by impregnation method. However, the layer of active phase prepared 

by suspension method has worse adhesion to support, due to catalyst layer cracking. It can 

cause loss of active component during manipulation. For these reasons, impregnation method 

was evaluated to be the better one. 

 Determination of a suitable kind of ceramic foam material: The cobalt based active phase 

(Co3O4 with 1 wt. % Cs) was deposited on the different kinds of ceramic foams (Al-Si, Zr-



Mg-Al and SiC-Al). Samples deposited on the SiC-Al and Zr-Mg-Al supports showed lower 

catalytic activity in comparison to samples deposited on the Al-Si support, which could be 

related to worse dispersion of active phase on these supports and interaction of active phase 

with support material. 

 Determination of the optimal number of catalyst layers on the ceramic foam supports: Cobalt 

based mixed oxides (Co3O4-Cs and Co4MnAlOx-K) were deposited on the ceramic open-cell 

foams with different numbers of deposited catalyst layers. Application of several active 

layers, in order to increase the amount of active phase in the catalyst, leads to the reduction 

of active sites' accessibility in catalytic reaction and did not lead to an increase in catalytic 

activity in both cases for Co3O4-Cs and Co4MnAlOx-K active phases. A sample with one 

catalyst layer was chosen for further investigation. 

 Optimization of catalyst preparation in order to increase catalyst surface area by applying 

different interlayers: Cobalt mixed oxide with cesium promoter (Co3O4-Cs) was deposited on 

the ceramic open-cell foams already coated by different oxide interlayers (MgO, Mn2O3, 

SiO2 and TiO2). The use of chosen interlayers led to worse dispersion of active phase on the 

support and changes in reducibility due to cobalt interlayer. For this reason, despite the 

higher surface area of catalysts with interlayers no positive influence of chosen interlayers 

was observed.  

 Optimization of catalyst preparation in order to increase geometric catalyst surface area by 

using foams with higher pore density (ppi): Cobalt mixed oxide with cesium promoter 

(Co3O4-Cs) was deposited on the ceramic open-cell foams with pore density 10, 20 and 30 

ppi. Catalytic activity increased with increasing geometric surface area of catalyst and thus 

the amount of active phase. 

In the last part of the dissertation, supported catalysts with the highest catalytic activity (Co3O4-

Cs deposited on the pelletized Mg-Al mixed oxide and Co3O4-Cs deposited on the Al-Si ceramic 

foam) and unsupported commercial pellets AST-4 with the same chemical composition of active 

phase (Co3O4 with 1wt. % Cs) were compared by mathematical modeling of the full scale reactor 

for N2O abatement in waste gas from HNO3 production plants to evaluate the catalytic activity in 

industry conditions. In the case of supported catalysts, reactors were modeled with a bigger size 

in comparison to unsupported AST-4 to achieve the same N2O conversion (80 %) on all catalysts. 

Despite a larger volume, the ceramic foam catalyst reactor contains many times less cobalt and 

cesium components (5 times less in comparison to unsupported AST-4) and possesses low 

pressure drop (3 times lower in comparison to unsupported catalyst bed). This confirms the fact 

that Co3O4-Cs deposited on ceramic foam Al-Si is promising for industrial applications. 

Key words: Nitrous oxide, Catalytic decomposition, Supported catalyst, Shaped catalyst, 

Open-cell foam  



Abstrakt 

Disertační práce se zabývá výzkumem katalyzátorů na bázi kobaltových směsných oxidů pro 

nízkoteplotní rozklad N2O na kyslík a dusíku s potenciální aplikací pro snižování emisí N2O 

v odpadních plynech z výroby HNO3. 

V první části práce byl vyhodnocen vliv vnější difúze a axiální disperze na dosažené konverze 

N2O v reaktoru s pevným ložem a v SPSR s cílem výběru vhodného laboratorního reaktoru a 

podmínek pro testování tvarovaných katalyzátorů, které umožní přímý přenos dat do většího 

měřítka. Experimentálně získané výsledky byly potvrzeny matematickým modelováním. 

V další části práce byly zkoumány kobaltové katalyzátory pro rozklad N2O nanesené na různých 

komerčních nosičích v peletizované a pěnové formě a hledány souvislosti mezi způsobem 

přípravy, fyzikálně-chemickými vlastnostmi katalyzátorů s využitím dostupných metod (AAS, 

BET, XRD, SEM-EDS, FTIR, Ramanová spektroskopie, Rtuťová porozimetrie a H2-TPR) 

a jejich katalytickou aktivitou.  

V případě směsného oxidu Co3O4, naneseném na různé druhy tvarovaných komerčních nosičů 

(TiO2, Al2O3 a směsné oxidy Mg-Al s různým poměrem Mg a Al) bylo zjištěno, že 

Co3O4 nanesený na nosiči s vysokým obsahem Mg (70 hm. % Mg + Al2O3) vykazoval nejvyšší 

katalytickou aktivitu mezi studovanými vzorky, přestože obsahoval hůře redukovatelné složky. 

Toto lze vysvětlit přítomností snadněji redukovatelných aktivních míst a lepší disperzí aktivní 

fáze na povrchu nosiče, což přispívá k většímu počtu dostupných aktivních míst.  

V případě katalyzátorů na bázi směsných oxidů kobaltu, nanesených na keramické pěny, bylo 

studováno následující: 

 Vhodná metoda přípravy katalyzátorů: Směsné oxidy Co3O4 a Co4MnAlOx byly naneseny 

na pěnu SiC suspenzní a impregnační metodou. Použití suspenzní metody vedlo ke vzniku 

aktivní fáze s větším měrným povrchem a lepší redukovatelností, což vedlo k vyšší 

konverzi N2O v porovnaní se vzorky připravenými impregnační metodou. Nevýhodou 

vzorků připravených suspenzní metodou byla špatná adheze aktivní vrstvy k nosiči 

způsobená praskáním vrstvy katalyzátoru po kalcinaci, což mohlo způsobit ztrátu aktivní 

fáze během manipulace. Z těchto důvodů byla jako vhodnější vyhodnocena impregnační 

metoda. 

 Vhodný druh keramického pěnového materiálu: Aktivní fáze (Co3O4 s 1 hm. % Cs) byla 

nanesena na různé druhy keramických pěn (Al-Si, Zr-Mg-Al a SiC-Al). Horší 

redukovatelnost (z důvodu interakcí mezi aktivní fází s nosičem) a horší disperze aktivní 



fáze na nosiči vedly k nižší katalytické aktivitě aktivní fáze nanesené na SiC-Al a Zr-Mg-

Al ve srovnání se vzorkem naneseným na nosič Al-Si.  

 Optimální počet vrstev aktivní fáze na keramické pěně: Směsné oxidy Co3O4 s 1 hm. % Cs 

a Co4MnAlOx s 2 hm. % K byly naneseny na keramickou pěnu Al-Si v různém počtu 

vrstev (1 až 5) pro dosažení většího množství aktivní fáze v katalyzátoru. Bylo zjištěno, že 

nanesení více vrstev vedlo ke snížení dostupnosti aktivních míst spodních vrstev po 

nanesení druhé a další vrstvy. Z tohoto důvodu nedošlo v obou případech (Co3O4-Cs 

a Co4MnAlOx-K) po nanesení druhé a další vrstvy k očekávanému zvýšení katalytické 

aktivity.  

 Vhodnost nanesení různých mezivrstev na keramickou pěnu za účelem zvýšení měrného 

povrchu katalyzátoru: Směsný oxid Co3O4-Cs byl nanesen na keramické pěny Al-Si, které 

byly již potaženy různými mezivrstvami (MgO, Mn2O3, SiO2 a TiO2). Použití vybraných 

mezivrstev vedlo k horší disperzi aktivní fáze na nosiči a ke změnám v redukovatelnosti 

způsobených interakcemi mezi aktivní fází a mezivrstvou. Z tohoto důvodu nebylo 

pozorováno očekávané zvýšení konverze N2O vlivem vybraných mezivrstev a to i přes 

větší měrný povrch katalyzátorů s mezivrstvami. 

 Vliv použití pěn s vyšší hustotou pórů na aktivitu katalyzátoru: Co3O4-Cs byl nanesen na 

keramické pěny s hustotou pórů 10, 20 a 30 ppi za účelem zvýšení geometrického povrchu 

katalyzátoru. Katalytická aktivita a množství nanesené aktivní fáze se zvyšovalo se 

zvyšujícím se geometrickým povrchem nosiče. 

Nosičové katalyzátory s nejvyšší katalytickou aktivitou (Co3O4 s 1 hm. % Cs nanesený na 

peletizovaném směsném oxidu Mg-Al a Co3O4-Cs nanesený na keramické pěně Al-Si) byly 

pomocí matematického modelování provozního reaktoru pro snížení N2O v odpadním plynu z 

výrobny HNO3 porovnávány s nenosičovým komerčním katalyzátorem AST-4 se stejným 

chemickým složením aktivní fáze (Co3O4 s 1 hm. % Cs). Bylo zjištěno, že pro dosažení stejných 

konverzí N2O musí mít reaktor s nosičovým katalyzátorem větší objem oproti komerčnímu AST-

4, výhodou že reaktor s katalyzátorem na keramické pěně obsahuje významně menší množství 

kobaltových a cesiových složek (5krát menší v porovnání s komerčním AST-4) navzdory většímu 

objemu a vykazuje nízkou tlakovou ztrátu (3krát nižší ve srovnání s komerčním AST-4). Získané 

výsledky ukazují, že Co3O4-Cs nanesený na keramické pěně Al-Si je perspektivní pro průmyslové 

aplikace. 

Klíčová slova:  Oxid dusný, Katalytický rozklad, Nosičový katalyzátor, Tvarovaný katalyzátor, 

Keramická pěna 
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1. Introduction 

To keep the projected global average temperature increase within 2 °C of preindustrial levels, 

developed countries need to reduce their greenhouse gas emissions by 25 – 40 % compared to 

1990 levels by 2020 [1]. The European Union (EU-27), responsible for about 10 % of the global 

annual greenhouse gas emissions, has agreed to reduce emissions by 20 % by 2020 and by 80 % by 

2050. They predict that this reduction can be achieved by improved efficiency, new low carbon 

technologies, renewable energy and abatement strategies [2]. To monitor progress, greenhouse gas 

emissions are reported annually and are submitted to the United Nations Framework Convention on 

Climate Change (UNFCCC) by individual countries and the EU-27. Emissions of carbon dioxide 

(CO2), methane (CH4), nitrous oxide (N2O) and the fluorinated greenhouse gases are reported for 

all anthropogenic sources, which fall into the categories (i) energy, (ii) industrial processes and 

product use, (iii) agriculture, (iv) forestry and other land use, (v) waste, and (vi) other sources (this 

includes indirect emissions as a result of atmospheric N deposition) [2]. 

Nitrous oxide is considered as an important pollutant contributing to the greenhouse effect. One 

molecule of N2O has approximately the same greenhouse warming potential (GHWP) as 

300molecules of carbon dioxide. Once that N2O molecule gets into the upper atmosphere, it can 

stay there for more than 100 years until it’s destroyed naturally [3]. 

The environmental concerns stem from the suggestion that diffusion of additional N2O into the 

stratosphere can result in increased ozone (O3) depletion. Within the stratosphere, N2O undergoes 

photolysis and reacts with oxygen atoms to yield nitric oxide (NO). This enters into the well-known 

O3 destruction cycle [4]. 

Tropospheric measurements show that nitrous oxide concentrations are increasing over time. This 

demonstrates the existence of one or more significant anthropogenic sources, a fact that has 

generated considerable research interest for several years [4].
 
Nitrous oxide is emitted from 

agriculture, transportation and industry activities. 

The largest amounts of N2O emitted by anthropogenic sources are connected with agricultural 

activity but reduction of these emissions is very problematic. The largest industrial sources of N2O 

emissions are waste gases from nitric acid production plants (globally 400 kt N2O per year) [5].  

Low-temperature catalytic decomposition of N2O (up to 450 °C) to nitrogen and oxygen offers an 

attractive solution for decreasing of N2O emissions in tail gas from nitric acid production plants. 

Adding a catalytic reactor for N2O catalytic decomposition can be applied to existing technologies; 

the advantage is that the process does not require a reducing agent.  
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An important question is to choose a suitable catalyst system. This catalyst must be sufficiently 

active, stable, little sensitive to the action of inhibitory components, which are present in waste 

gases (usually O2, NOx and H2O) together with N2O, sufficiently selective and relatively cheap.
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2. Aims 

The aim of the thesis is the development of supported catalysts based on cobalt mixed oxides 

for low temperature N2O decomposition into oxygen and nitrogen applicable for the reduction of 

N2O emissions from HNO3 production. The main aim is divided into two parts:  

1. Study of laboratory reactors for shaped catalysts testing; this part includes: 

- Verification of the usefulness of a single pellet string reactor (SPSR) to obtain of kinetic 

data of catalytic reactions in gas phase over industrial size catalysts. 

- Comparison of single pellet string reactor and a classic fixed-bed reactor on the basis of 

laboratory experiments and by a mathematical model. 

- Evaluation of the effect of mass transfer limitation and deviations from ideal plug flow on 

the obtained data and defining suitable conditions for shaped catalysts testing. 

2. Study of different kinds of supports and development of an appropriate supported catalyst for 

N2O decomposition; this part includes:  

- Preparation of supported catalysts using various methods of active phase deposition on 

the support. Cobalt mixed oxides or cobalt oxides with alkali promoters will be used as 

active phase. Different commercial supports in pellet forms (Al2O3, TiO2, Mg-AlOx) and 

commercial ceramic foams (SiC, SiC-Al, Al-Si, Zr-Mg-Al) will be used as supports.  

- Study of active phase adhesion to the support, de N2O activity, stability and pressure drop 

of prepared catalysts.  

- Study of physicochemical properties of catalysts by AAS, XRD, Raman, FTIR, H2-TPR, 

SEM and physical adsorption methods. 

- Finding the relationship between method of preparation of supported catalysts, their 

physico-chemical properties and catalytic properties (activity, selectivity, stability). 

- Comparison of studied supported catalysts by mathematical modeling of a full scale 

reactor for N2O abatement in waste gas from HNO3 production to evaluate the efficiency of 

supported catalysts in the industry conditions. 



 

3. Theoretical part 

4 

 

3. Theoretical part 

3.1 N2O emissions abatement from nitric acid production plant 

The most important industrial process emitting nitrous oxide is the production of nitric acid by 

the Ostwald process consisting from of 3 steps: 

 - Catalytic oxidation (combustion) of ammonia with air into nitric oxide. 

 - Oxidation of nitric oxide into nitrogen dioxide. 

 - Absorption of nitrogen dioxide in water to produce nitric acid.  

Nonselective ammonia oxidation is the source of N2O emissions from nitric acid production Eq. (1-

3). 

2 NH3 + 2 O2 → N2O + 3 H2O          (1)  

2 NH3 + 8 NO → 5 N2O + 3 H2O         (2)  

4 NH3 + 4 NO + 3 O2 → 4 N2O + 6 H2O        (3) 

The amount of N2O formed depends on combustion conditions in the oxidizing unit, catalyst 

composition, catalyst age, and burner design. Depending on the parameters of the production 

process, from 3 to 20 g of nitrous oxide per kg of produced nitric acid is formed [5, 6]. Since 2013, 

nitric acid plants in the European Union have been obliged to use technologies to reduce nitrous 

oxide emissions.  

Development of N2O abatement systems aims to achieve high efficiency (> 90 % N2O conversion) 

and selectivity (< 0.2 % NO loss). Approaches followed by industry, research institutes, and 

universities can be classified in four groups, according to the position in the process (Fig. 1): 

- Primary abatement measures aim to prevent N2O formation in the ammonia burner. This 

involves modification of the ammonia oxidation process and/or catalyst. 

- Secondary abatement measures remove N2O from the valuable intermediate stream, i.e. from 

the NOx gases between the ammonia converter and the absorption column. This will usually 

mean intervening at the highest temperature, immediately downstream of the ammonia 

oxidation catalyst. 
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- In tertiary abatement measures, the tail-gas leaving the absorption column is treated to 

destroy N2O. The most promising position for nitrous oxide abatement is upstream of the tail-

gas expansion turbine. 

- Quaternary abatement measures are the pure end-of-pipe solution, where the tail-gas is 

treated downstream of the expander, on its way to the stack [5]. 

 

 

Figure 1: Scheme for nitric acid production. The picture shows the location: 1 - primary, 2 -

 secondary, 3 - tertiary and 4 - quaternary N2O emission reduction processes [5]. 

Secondary catalysts have problems with selectivity and stability at the high temperatures of 800 -

1000 °C. Low-temperature tertiary catalysts act at the lower-temperature waste gas, depending on 

the production process between 250-500 °C, and the requirements for temperature and gas pressure 

at the inlet to the expansion turbine are limited. Installing secondary and tertiary solutions into 

existing plants can be technically challenging and may have a negative effect on the manufacturing 

process.  

Quaternary solutions located behind an expansion turbine do not interfere with existing processes 

and are advantageous for use in existing plants. After expansion, the gas normally has a 

temperature of 200-300 °C, so preheating may be necessary to use the low-temperature quaternary 

catalyst [5]. 

According to the European Union, EnviNOx is the best available technology for N2O reduction 

from nitric acid production [5]. N2O is removed by catalytic reduction over an iron zeolite with a 
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hydrocarbon as a reducing agent (natural gas or propane). The main disadvantage of this 

technology is the necessity to use a reducing agent.  

In this thesis, catalysts for the low temperature direct N2O decomposition for quaternary location 

will be studied. The used prerequisite is the location of a de N2O reactor downstream the SCR NOx 

unit, which leads to a low NOx content in the inlet gas of the deN2O reactor. 

3.2 Catalytic decomposition of N2O  

3.2.1 Mechanism of nitrous oxide catalytic decomposition 

N2O decomposition Eq. (4) (ΔRHm (T = 298 K) = −163 kJ/mol) is an exothermic irreversible 

reaction. According to former works [7-10], the mechanism of the low temperature N2O catalytic 

decomposition can be described by cationic redox mechanism. In the first step, the N2O molecule is 

activated by an electron transfer from the catalyst surface leading to the N-O bond dissociation (Eq. 

5). Then formed surface oxygen intermediates undergo diffusion and recombination (Langmuir-

Hinshelwood mechanism, L-H) (Eq. 6) or react with N2O from gas phase (Eley-Rideal mechanism, 

E-R) (Eq. 7) and are desorbed as O2 molecules. Some authors also consider a step involving 

migration of oxygen into/out of the lattice [10, 11]. In this context, transition metal cations in their 

lower oxidation states are ideal for initiating the adsorption step, whereas oxygen desorption step is 

associated with the recovering process, i.e. electron transfer back to the catalyst surface.  

N2O → 2 N2 + O2                      (4) 

N2O + * → N2 + O*          (5) 

2 O* ↔ O2 + 2 *          (6) 

N2O + O* → N2 + O2 + *          (7) 

Where * denotes active site and X* denotes the substance adsorbed on the active site. 

L-H route is favored by the low activation energy for the diffusion of the surface oxygen and its 

recombination, whereas E-R route is preferable at high activation barrier for diffusion leading to 

the high surface coverage by oxygen species from N2O molecules or from the adsorbed oxygen 

from gas phase. The rate determining step depends on the rate of electron transfer from the catalyst 

surface and back leading to the different plausible reaction mechanisms. In the case when only 

subsequent elementary steps of N2O chemisorption and L-H mechanism (Eq. 5, 6) proceed, the rate 

limiting step will be the slowest one and desorption of oxygen from catalyst surface is often 

believed to be one. On the other hand, at high oxygen surface coverage, the E-R mechanism can 
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also be involved, then the steps described by Eq. 6 and 7 are understood as parallel, the total rate of 

N2O disappearance is the sum of their reaction rates and the rate limiting step is the faster one from 

(5) and (7). From literature results it seems that the rates of individual steps and thus their 

contribution to the decomposition process depend not only on the nature of active sites, but also on 

the temperature [12]. According to DFT calculations, E-R mechanism has an energy barrier which 

is too high to contribute significantly to the rate of N2O decomposition over Co3O4 and other 

spinels and the rate determining step is oxygen desorption by L-H mechanism [13].  

3.2.2 Cobalt mixed oxides for N2O decomposition  

The catalytic decomposition of N2O to nitrogen and oxygen has been examined over a wide 

variety of catalysts [7]. A large number of catalysts have been tested including noble metals, pure 

oxides, mixed oxides (solid solutions, perovskites and spinel) and zeolites exchanged or 

impregnated with transition metal ions. The studies are focused on practical applications. The aim 

is to develop active and stable catalysts. In addition to the catalytic activity, the impact of other 

gases commonly found in the waste gases, which often have an inhibitory effect on N2O 

decomposition reaction (O2, H2O, NOx), is also investigated. 

It is well known that cobalt-based catalysts present excellent catalytic activities for N2O 

decomposition [8, 14-30]. Typical precursors for cobalt-based catalysts are ion-exchanged zeolites 

[14, 20, 22, 26, 27] and hydrotalcites [19, 28, 31, 32]. 

Among tested catalysts, cobalt spinels such as Co3O4 [13, 16, 33, 34] and calcined layered double 

hydroxides (LDHs) containing cobalt Co [35], Co–Mg–Al , Co–Rh–Al [36] and Co–Mn–Al [28, 

31] are very promising for N2O decomposition. Catalysts containing Co-Mn-Mg-Al with different 

molar ratios were studied by Obalová et al. [32, 37]. The most active for the N2O decomposition 

was Co4MnAl mixed oxide which contained the optimal amount of Co and Mn and the optimal 

amount of reducible components in the temperature range 350-450 °C. This catalyst was patented 

[38] and was studied only by the Obalová group.  

Co3O4 is found in many publications as a catalyst facilitating N2O decomposition and other 

catalytic reactions: the oxidation of CO [39-42], oxidation of NH3 [43] and hydrocarbons [44]. 

Co3O4 is of special interest in a variety of technological applications of heterogeneous catalysts due 

to its surface redox reactivity properties. Co3O4 as a solid state sensor is reported to be sensitive to 

the isobutene [45], CH4, H2, NH3, CO and NO2 gases at low temperature [46].  

Co3O4 is readily available and under ambient room temperature and oxygen partial pressure, it is 

the thermodynamically stable form of cobalt oxide. At room temperature, Co3O4 is a normal 

spine1 based on a cubic close-packing array of oxide ions where one-eighth of tetrahedral 
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interstices are occupied by high-spin Co
2+

(d7) ions, and one-half of octahedral interstices are 

occupied by low-spin Co
3+

(d6) ions [47].  

Modification of the cobalt spinels with a small amount of alkali metals significantly increases the 

activity of the catalyst [15, 18, 24, 28, 48-51]. Alkali promoters present on the catalyst surface 

lower the work function of the cobalt spinel facilitating redox processes that occur between the 

catalyst surface and the reaction oxygen intermediates produced during the N2O decomposition 

[52]. Alkali metals promote the reduction of Co
3+

 to Co
2+

 through an electron donation effect; thus 

favoring desorption of oxygen from the surface of the catalysts [44]. Simultaneously, the increase 

in electron density of Co
2+

 due to doping with alkali metals make it more ready to donate electrons 

to the molecule of N2O, facilitating the activation of N2O molecules and its scission. The 

recombination of oxygen is found to be one of the key steps during N2O decomposition over cobalt 

spinel [53]. The comparison of the effect of different alkali promoters on Co3O4 activity in N2O 

decomposition was presented by Stelmachowski [18]. In this work it was indicated that the 

beneficial influence of dopants on catalyst activity increases in the order: Li << Na < K < Cs.  

On the basis of previous research of our group and of scientific publications, cobalt based mixed 

oxides with alkali promoters were chosen as active phase studied in my Ph.D. work. 

3.2.3 Supported catalysts for N2O decomposition 

To the best of our knowledge, only two research groups reported on the manufacturing of 

shaped cobalt spinel based catalysts in pilot plant scale conditions [49-52]. In both cases, the 

conventional packed beds with pelletized cobalt spinel based catalysts were used for N2O 

decomposition.  

Some problems are connected with the production and application of unsupported pelletized 

catalysts: 

- problems accompanying the formation of catalysts into larger pellets (5–8 mm),  

- relatively low mechanical strength,  

- high pressure drop, 

- low utilization of the pellet volume because of a high influence of internal diffusion on the rate of 

the catalytic reaction.  

Some of these problems can be solved by supporting active cobalt spinel phase on an appropriate 

support. Using a support typically increases surface area and allows the use of smaller amounts of 
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expensive active components along with the increase in the mechanical strength of the industrial 

catalyst. 

The catalytic reaction taking place only in a narrow surface region of catalyst pellets represents 

very important problem, which could be minimized by applying a thin active layer deposited on the 

supporting material. The support can be in form of differently shaped pellets or as structured 

support, which commonly consists of in ceramic or metallic substrates pre-shaped in the form of a 

single continuous structure with stable geometry. The most common structured catalyst is 

represented by ceramic or metal monoliths [54] and nowadays, there is a growing interest in the 

potential of open-celled foam (or sponge) as a novel type of structured catalysts/reactors [55]. Not 

in all cases does the use of supported catalysts completely solve the problem of internal diffusion 

limitation. When the active components are placed in meso- and micro- pores inside the support 

material, the reaction rate could be influenced by internal diffusion. 

Supported catalysts in grain form 

Besides bulk cobalt oxide deN2O catalysts, supported ones were also studied, mainly on different 

monoliths [54, 56] or sieves [49, 57] and also tablets [29]. However, most published results were 

obtained over grained samples in kinetic regime [58-63]. Typical supports represent common 

materials with a large surface area like SiO2, Al2O3, ZrO2, CeO2 and TiO2. Supports can be inert or 

interact with active phase and thus can influence the efficiency of catalysts. It is well known that 

SiO2 and Al2O3 have large surface areas and are widely used as supports for noble metal catalysts 

(Pt, Rh) for N2O decomposition [58-60]. The Co-Mn-Al mixed oxide catalysts on different 

supports were studied by Pacultová at al. [61]. As a support, Al2O3, SBA-15, SiO2, Na-

montmorillonite, TiO2 and two slags were chosen. The tested supports affected the properties of 

active components by oxide-support interactions and supported catalysts had worse reducibility 

than unsupported Co-Mn-Al samples. TiO2 and SBA-15 were the best supports among all studied 

ones. The Co-Mn-Al mixed oxide catalysts prepared by different methods supported on TiO2 were 

studied by Karásková et al. [62]. In both works, supported catalysts showed lower catalytic activity 

than unsupported ones. Co3O4 as active phase deposited on different kinds of supports like ZnO, 

MnxOy, Al2O3, MgO and CeO2 for nitrous oxide decomposition was also studied by Qun Shen et al. 

[64]. MgO with cobalt loading of 15 % showed the best activity for N2O decomposition because of 

an electron donation effect of MgO. Co3O4 highly dispersed in the matrices of MgO was 

determined as active phase. Further raise in cobalt loading did not result in corresponding activity 

increase, probably due to the formation of new cobalt oxide phases. Higher catalytic activity of 

supported Co3O4 on MgO compared to unsupported Co3O4 was explained by higher surface area 

and by the electron transfer from MgO to the Co3O4 and thus promotion of the activation of N2O on 
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cobalt species. However, Shen et al. studied samples prepared by co-precipitation method which 

can lead to appreciably different structure and properties of catalysts than samples prepared by 

impregnation method used in common commercial supports. Also in the case of Wang et al. 

studying Ni-Co supported catalysts [63], results indicated that some optimum amount of active 

phase on the support should exist. 

Choosing the right support material for shaped catalysts for industrial use is an important point. 

Suitable geometry and textural properties can minimize the influence of internal diffusion and thus 

a larger surface area with active species is available for reaction. Before selecting the support 

material, it is necessary to check the effect of interaction of the support with the active phase. The 

same active phase deposited by the same method on different supports can lead to different 

catalytic activities. 

Supported catalysts in pelletized form 

One of the possible kinds of supported catalytic system for N2O decomposition can be active 

components deposited on the shaped supports. Choosing supported materials with a higher surface 

area allows good dispersion of the active components on the support and higher number of 

available active sites. High mechanical strength of the support material allows its forming into 

various shapes. In general, it is known that catalyst activity increases as the catalyst particle size 

decreases and exposed surface area increases, which leads to a reduction of the influence of internal 

diffusion on the reaction rate. The pressure drop across the fixed catalyst bed tends to increase as 

the particle size decreases, as the bed becomes more and more closely packed. As the pressure 

drops, the amount of reactant gases that can pass through the bed becomes more limited. The 

process gas flow can be improved by increasing the catalyst size, but the activity of the catalyst can 

be somewhat compromised as a result. Consequently, the focus shifts to catalyst shape [65]. 

Catalyst shape is often designed based upon cylindrical bodies comprising at least two parallel 

internal holes, which are parallel to the cylinder body axis and go right through the catalyst 

structure. Additional examples of common shapes of catalyst pellets include spheres, cubes, hollow 

cubes, solid cylinders, hollow cylinders, single rings, cross-webs, grooved cylinders, ball rings, 

Intalox saddles, and Berl saddles. These advantages of the supported pellets can increase the 

activity of the catalyst and allows the use of smaller amounts of expensive elements. 

Supported pellets with cobalt based active phase for N2O decomposition have not been completely 

studied by other scientific groups. To the best of our knowledge, only one research group (apart 

from our group) reported on supported cobalt-based catalysts in pellet form for N2O decomposition 

[29]. Co3O4 active phase was deposited on α-Al2O3 cylinders with a diameter of 1.5 mm and length 

of 25 mm. The support was impregnated by incipient wetness method using water-glycerol 
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solutions and by classic impregnation with a Co(NO3)2∙6 H2O aqueous solution. For catalytic test, 

supported pellets were crashed and sieved on the grain fraction. Catalytic activity of the tableted 

catalyst was not tested. 

Catalysts supported on the foams  

Reticulated open-cell foam consists of an assembly of solid struts connected to each other three 

dimensionally to enclose cells of irregular shape. These cells communicate with each other via 

open windows. Foam structure can be described by its morphological parameters, namely cell and 

window diameter, strut diameter and porosity (Fig. 2) [66, 67]. The foam structure exhibits 

different strut morphologies, namely cylindrical, triangular and triangular concave (Fig. 3) [67, 68], 

depending on their porosity. Strut morphology greatly influences specific surface area and 

consequently heat and mass transfer and the pressure drop properties of the foam structures. Open-

cell foams (ceramic or metal) offer remarkable properties, such as large external surface area, high 

mechanical strength, high porosity and resulting low pressure drop. For the application of foam 

structures as catalyst support in chemical engineering, the knowledge of their specific surface area 

and their pressure drop properties is extremely important. These properties were studied by 

different authors [68-73] who presented various models and correlations for the determination of 

specific surface area and pressure drop. 

Twigg and Richardson [74] published a study on foams as catalyst supports in the areas of 

ammonia oxidation, catalytic combustion and partial oxidation, steam reforming, exhaust catalysis, 

and solar-driven methane-CO2 reforming. Further work has appeared on foam supported catalysts 

for methane [75] or propane [76] combustion.  

 

Figure 2: Cell unit of open-cell foum showing its componets [67]. 
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Figure 3: Variations of the strut cross-section in open-cell foams: (a) cylindrical, (b) 

triangular and (c) concave triangular [67]. 

The performance of foam catalysts for nitrous oxide decomposition has not been published in 

research papers yet. Monoliths as a structural support were widely used for this reaction [77, 78]. 

Monoliths structures can be viewed as two-dimensional cellular structures in which flow through 

the monolith occurs through long parallel channels. Cobalt based catalysts deposited on the 

monolith support for N2O decomposition was studied by Grzybek et al. [54]. Catalytic tests 

revealed that the monolithic catalysts exhibit high catalytic deN2O activity. In the view of the 

higher porosity and higher tortuosity of foams in comparison with monoliths it can be supposed 

that applying foam instead of monolith should provide higher activity for N2O decomposition. 

3.2.4 Methods of deposition of active phase on the supports 

An important question is the choice of a suitable method of active phase deposition on 

structured surfaces. There are a lot of methods which are used in order to deposit a catalyst layer on 

a surface, depending on the properties of the surface and deposited active phase. The methods 

which can be used for deposition of catalytically active phase on the structured surfaces are 

described in detail in [79]. Impregnation method from salts solution of corresponding metals 

represents the most widely used and simplest method of deposition of metal oxide on all kinds of 

supports. This method is often used for preparation of supported catalyst in the form of grain [62], 

tablets [57], monoliths [54] and foams [80, 81]. 

Impregnation can be classified in two categories according to the volume of solution used: - dry / 

incipient impregnation, - wet / diffusional impregnation. 

In incipient impregnation a previously dried support is contacted with volume of solution equal to 

its pore volume. The solution contains the required amount of precursors of the active phase. As 
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soon as the support is placed in contact with the solution, the solution is drawn into the pores by 

capillary suction. In case of proper wetting, no excess solution remains outside the pore space. Part 

of the air present in the pores is imprisoned and compressed under the effect of capillary forces 

[82].  

In wet / diffusional impregnation, the pore space of the support is first filled with the same solvent 

as used in the impregnating precursor solution. The wetted support is then treated with the 

impregnating precursor solution. Here the actual impregnation takes place in diffusional conditions 

when solvent filled support is dipped in the precursor solution. The first phase of saturation of the 

support by solvent involves the characteristics of dry impregnation. But in the second phase, when 

solvent saturated support is added to the impregnating solution, high pressure is not developed 

within the pores. The precursor salt migrates progressively from the solution into the pores of the 

support. The driving force at all times is the concentration gradient between the bulk solution and 

the solution within the pores. The impregnation time is much longer than for dry impregnation. 

Wet impregnation should be avoided when the interaction between the precursors and the support 

is too weak to guarantee the deposition of the former [82]. 

In order to deposit metal oxides on the structured support in the form of monolith or foam the most 

often used methods are suspension and sol-gel methods. However, the difference between these 

two methods is tiny because the suspension method often implies some gelification steps. All 

methods based on the dispersion of a finished material have been gathered under the term 

suspension method. Powder (catalyst), binder, acid and water are the standard ingredients [79].  

Choosing the different deposition method and the precursors leads to formation of active phases 

with different properties and different catalytic activity. The influence of method preparation and 

different precursors on the cobalt active phase properties in grain form was studied previously by 

our group in [25, 83]. In study [83] the series of precursors was prepared by precipitation of cobalt 

nitrate in aqueous solutions using various precipitation agents (NH3·H2O, NaOH, Na2CO3) and 

reaction conditions (OH/Co molar ratio, aging time). The method of preparation influenced 

precursor structures and led to different mean coherence lengths of prepared spinel catalysts which 

influenced their reducibility and specific surface areas. In paper [25] Co-Mn-Al mixed oxides 

(Co:Mn:Al molar ratio of 4:1:1) were prepared by three different methods: (i) calcination of 

hydrotalcite-like precursors (Co-Mn-Al-HT-ex), (ii) calcination of corresponding nitrates (Co-Mn-

Al-nitr) and (iii) calcination of the product of mechanochemical reaction of Co, Mn, Al nitrates 

with NH4HCO3 (Co-Mn-Al-carb). Calcination of catalyst precursors (products of mechanochemical 

reaction of nitrates with carbonate, nitrates, hydrotalcites) differing in temperatures of their thermal 

decomposition, led in all cases to the formation of spinel-like phase, however with different 
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crystallite sizes, which in turn affected specific surface area and reducibility of the prepared 

catalysts.  

Deposition of Co3O4 active phase on alumina supports by different methods was studied by 

Grzybek et al. [84] and Gudyka et al. [29]. From their investigations, it was found out that 

synthesis in the presence of glycerol led to the formation of intrapore cobalt glycerolate, which 

upon calcination is transformed into well-dispersed Co3O4 nanocrystals dominated by the (100) 

facets. 

3.3 Laboratory reactors for shaped catalysts testing 

The development and study of new catalysts requires a large number of experimental tests that 

are performed in laboratory reactors. The idea is that these reactors work at the same operating 

conditions (pressure and temperature) as industrial ones, so it is possible to study directly the 

industrial catalyst pellets (millimeters size) and to obtain the kinetics of the reactions which take 

place. To be able to use these data for scale-up, it is necessary to guarantee that the reaction 

kinetics is not masked by any kind of external mass and heat transfer limitations, which can be 

problematic especially in the case of fast and exothermic reactions. In laboratory reactors, the 

superficial velocities are much lower than in industrial ones and the mass transfer and non-ideality 

of flow can limit reaction rate and obtained yields here. This brings the difficulty in the 

extrapolation of the behavior from laboratory to the industrial size reactors [85]. 

Typically, there are two types of laboratory reactors used to perform heterogeneous catalytic tests 

in gas phase: the tubular fixed-bed reactor and the stirred tank reactor with a catalytic basket. 

3.3.1 Stirred tank reactor with catalytic basket 

In this type of reactor, the composition in the reactor is assumed to be that of the effluent 

stream and therefore all the reactions occur at this constant composition. Catalytic experiment in a 

stirred tank reactor is dependent greatly on certain parameters of the reactor's configuration and 

operation conditions. Changes in rotation speed, type of basket and turbine can drastically reduce 

the reactor's performance. Control of solid/gas mass transfer and of the velocity field in the 

catalytic basket is difficult [86]. The data of nitrous oxide decomposition obtained from this type of 

reactor can´t be used for scale up. Therefore, for laboratory testing of this reaction, tubular reactors 

are used.  
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3.3.2 Tubular fixed bed reactor  

A classic fixed bed reactor (FBR) is an assembly of randomly arranged particles that are 

bathed by the reactant fluid, which flows randomly around the pellets. Catalytic fixed bed reactors 

find widespread use in chemical industries. However, the behavior of laboratory classic fixed bed 

reactors can be drastically different from industrial ones as the hydrodynamics is quite different. 

This is problematic for fast reactions, where the reaction rate is faster than the mass transfer flux 

that arrives from the bulk liquid or gas to the catalytic sites in the particle. An elegant way to avoid 

these difficulties was suggested by Scott et al. (1974) and later by the Hipolito group [86-88]: large 

spherical porous pellets are in the reactor tube stacked in a column on each other. Such a 

configuration was called single-pellet-string reactor (SPSR) [87]. In this geometry, the reactor’s 

diameter is close to the particle one (tube diameter/particle diameter < 1.2) and the ratio between 

reactor length and its diameter is very large [87]. Channeling and wall effects, which often 

occurred in fix bed reactors, were not observed in SPSR configuration [88]. Small diameter of 

SPSR allows obtaining high flow superficial velocities, close to the industrial ones. Its great length 

allows the introduction of enough catalyst particles to keep the industrial space velocity to obtain 

similar conversions. Thus, the conversion and superficial velocities that are present in industrial 

reactors could be achieved in laboratory reactors, with this geometry allowing direct scale up [89]. 

Despite the obvious benefits of SPSR, these laboratory reactors are not commonly used for 

laboratory catalysts testing and only a few works describing their use were published, e.g. for fast 

hydrogenation of allene [88], hydrogenation of cinnamaldehyde [90], hydrogenation of alpha-

methylstyrene [91] and hydrodesulphurated heavy gas oil fractions [89, 92]. 

In our case, two types of tubular fixed-bed reactors will be used for laboratory tests: a classic fixed 

bed reactor and a single pellet string reactor. 

3.3.3 Elimination of macro kinetic elements in laboratory reactors 

The study of kinetics in heterogeneous catalysis is very important in designing chemical 

reactors and in the study of mechanistic details. Traditional kinetic studies involve macro-kinetic 

and micro-kinetic elements. Micro-kinetic elements are the same in all devices and are related to 

the behavior of small particles – molecules. Macro-kinetic elements depend on the specific device 

and related to the system as a whole (reactor size).  

In macro-kinetics catalyst activity is treated as a function of easily measured macroscopic 

quantities e.g. gas composition, pressure, and temperature. Macro-kinetics is very useful for 

different applications e.g. reactor design, quality control in catalyst production, catalyst selection, 

and studies of sintering and poisoning. Moreover, there are limits to the information that can be 

determined from experimental data by fitting empirical rate expressions. Very different kinetic 
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expressions may fit data equally well, making it impossible to discriminate between different 

reaction mechanisms. In addition, it is dangerous to extrapolate macro-kinetic expressions, as 

differences between the real and the assumed mechanism may invalidate the expression outside the 

range of conditions the parameters are fitted to [93].  

Heat transfer in laboratory catalytic reactors 

Changes in temperature in the reactor as a whole or in temperature distribution over the reactor 

volume are due to the processes occurring in it, accompanied by the release or absorption of heat, 

and also because of the heat exchange of the reactor with the environment. According to the 

thermal regime, three reactor models are distinguished: adiabatic, isothermal and polytropic. In our 

case, the reaction proceeds under isothermal conditions. Under isothermal conditions, the 

temperature of the reaction mixture entering the reactor is equal to the temperature in the reactor 

and the temperature of the mixture leaving the reactor. This is possible if the release or absorption 

of heat as a result of the chemical reaction is completely compensated by heat exchange with the 

environment. Chemical reactors can be cooled or heated by various methods. The choice of the 

method of heat exchange in the reaction apparatus depends on the temperature conditions of the 

chemical process, on the physical, thermal and chemical properties of the coolant. Heat can be 

carried out as follows: 

1) between the inner region of the particle (pores) and its outer surface; 

2) between the outer surface of the catalyst and the gas flow; 

3) along the catalyst bed between the contacting grains through the external cooling walls of 

the apparatus. 

With good thermal conductivity of the catalyst bed, its temperature remains constant.  

In our case, the activity of the catalyst will be assessed in a steady state, the reaction mixture will 

be preheated to the reaction temperature and the catalyst bed will be placed in the constant 

temperature zone. N2O concentration in the gas mixture is very low (1000 ppm N2O in N2), which 

leads to negligible effect of the chemical reaction on the system's temperature. Based on an 

estimate of adiabatic temperature rise ∆𝑇𝑎𝑑 = 3.9 °C, reactor can be considered as isothermal [94]. 

Under these conditions, we can neglect the effect of heat transfer on the kinetics of the reaction. 

Mass transfer in laboratory catalytic reactors 

Heterogeneous catalytic reactions in gas phase are schematically illustrated by seven processes: 
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 Transport of the reactants from the volume of the gas phase to the outer surface of the 

porous catalyst particles (external diffusion). 

 Transport of reactants in the catalyst pores (internal diffusion). 

 Adsorption of reactants on the active catalytic surface. 

 Reaction between adsorbed reactants (surface reaction). 

 Desorption of reaction products. 

 Transport of the reaction products in the pores to the outer surface of the porous particles 

(internal diffusion). 

 Transport of reaction products from the outer surface of the particle to the volume of the 

gas phase (external diffusion). 

The overall rate of catalytic reaction is controlled by the slowest step. The rate of the chemical 

reaction and the rate of diffusion are temperature dependent; each of them has its own dependency 

and generally, mass transfer coefficient is less temperature dependent than the kinetic constant. At 

high temperatures, the rate of chemical reaction is usually higher than the rate of diffusion and the 

diffusion limitation can occur especially at low superficial velocity leading to low mass transfer 

coefficient. External diffusion is the macro-kinetic property of the system and depends on the size 

and shape of the system. Evaluation of the influence of external diffusion on the overall chemical 

reaction rate is usually performed by catalytic experiments at different volume flows and with 

different amounts of catalysts keeping the same space velocities. 

Solid catalysts usually have a porous structure. In such porous catalysts, most of the catalytically 

active sites are located on the walls of the pores of the solid material. The driving force of internal 

diffusion is the concentration gradient in the pores of the solid catalyst during the chemical 

reaction. Resistance to internal diffusion results from both collisions between molecules (molecular 

diffusion) and collision between molecules and the wall (Knudsen diffusion). Therefore, if the pore 

size is too low (comparable to the size of the molecules and pores), then the laws of molecular 

diffusion do not apply, but Knudsen diffusion is significant. Evaluation of internal diffusion 

influence on the overall chemical reaction rate is usually performed by catalytic experiments with 

different particle size of the catalyst. In areas where the measured reaction rate does not depend on 

particle size, the effect of internal diffusion is negligible. 

Another option for evaluation of internal and external diffusion limitations is represents calculation 

of the overall effectiveness factor. The overall effectiveness factor (Ω) is defined as the actual rate 

with transport resistance divided by the rate that would be obtained with all active sites exposed to 

the bulk conditions (i.e. in kinetic regime). Overall effectiveness factor for first-order reaction like 

N2O catalytic decomposition, at the assumption of isothermal catalyst particles, can be calculated 

according to the relationships mentioned in Table 1. 
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Table 1: Relations used for calculation of overall effectiveness factor [95-97]. 

Parameter Relation for calculation 

Ω, overall effectiveness factor (-) 
1

𝛺
=

1

𝜂
+

𝑘 ∙ 𝑝𝑏

𝑘𝑐 ∙ 𝑎𝑐
 (8) 

η, internal effectiveness factor for sphere (-) 𝜂 =
3

𝛷2
(𝛷𝑐𝑜𝑡ℎ𝛷 − 1) (9) 

Φ, Thiele modul for sphere (-) 𝛷 = 𝑟𝑝√
𝑘𝜌𝑐

𝐷𝑒𝑓𝑓
 (10) 

Deff, effective diffusion coefficient (m2/s) 𝐷𝑒𝑓𝑓 =
𝜀𝑝

𝑞
�̅�, 

𝜀𝑝

𝑞
~0.05 − 0.1 (11) 

�̅�, overall diffusivity (m2/s) 
1

�̅�
=

𝛼𝑖

𝐷𝑘𝑖
+ ∑

𝛼𝑖𝑥𝑗 + 𝛼𝑗𝑥𝑖

𝐷𝑖𝑗

𝑝

𝑗=1

+ 𝛼𝑖 ∑
𝑥𝑖

𝐷𝑖𝑗 

𝑛

𝑗=𝑞

 (12) 

Dk, Knudsen diffusivity (m2/s) 𝐷𝑘 = 97 ∙ 𝑟0 ∙ √
𝑇

𝑀𝑁2𝑂
 (13) 

Dij, binary diffusion coefficient of molecular 

diffusivity (m2/s) 
𝐷𝑖𝑗 =

10−4𝑇
7

4⁄ (𝑀𝑗
−1+𝑀𝑖

−1)
1

2⁄

𝑝

[(∑ 𝑣)𝑖

1
3⁄

+ (∑ 𝑣)𝑗

1
3⁄

]
2  (14) 

kc, mass transfer coefficient (m s−1) 𝑘𝑐 =

𝐷𝑁2𝑂
𝑁2

⁄

𝑑𝑝
∙ 𝑆ℎ ∙

(1 − 𝜑)

𝜑
 (15) 

Overall effectiveness factor can be expressed from Eq. (8), where the first term (1/η) characterizes 

the resistance towards internal diffusion, the second term (
𝑘∙𝑝𝑏

𝑘𝑐∙𝑎𝑐
) informs about the resistance to 

external diffusion and 1/Ω is total resistance to mass transfer. 

Influence of axial dispersion in laboratory reactors 

In practice, conditions in a reactor can be quite different than the ideal requirements used for 

defining reaction rates. Tubular reactors can have deviations from ideal plug flow; one of the 

causes is axial dispersion, mixing in axial direction. The effect of axial dispersion in reactors is 

expressed by the Peclet number, which is evaluated from the experimentally determined C-curves 

(dependence of outlet concentrations on time after a step change of tracer compound at the inlet). 

Peclet number determination can be done according to Eq. (16) – (19) [98]. 

𝑡̅ =
∫ (𝐶𝑚𝑎𝑥−𝐶)𝑑𝑡

∞

0

∆𝐶𝑚𝑎𝑥
                     (16) 

𝜎𝑡
2 =

2 ∫ 𝑡(𝐶𝑚𝑎𝑥−𝐶)𝑑𝑡
∞

0

∆𝐶𝑚𝑎𝑥
− 𝑡̅2                    (17) 

𝜎𝑓
2 =

𝜎𝑡
2

𝑡̅2
                      (18) 
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𝑃𝑒 =
2

𝜎𝑓
2                      (19) 

According to Levenspiel [98], the deviation from plug flow is small for Pe > 100. The extent of the 

effect of axial dispersion on the obtained conversions can be evaluated from the Mears criterion, 

Eq. (20), adapted to the first order reaction rate in the plug flow reactor with non-ideal flow [99].  

𝑃𝑒 >
(𝑘∙

𝑑𝑤

�̇�
)2

exp((𝑘∙
𝑑𝑤

�̇�
)∙

𝑢

100
)−1

                   (20) 

3.3.4 Mathematical model of fixed-bed catalytic reactor 

Transfer of laboratory experimental data between different reactors or to plant reactor can be 

performed by mathematical modeling of the catalytic reactor. In this work pseudo-homogeneous 

one-dimensional model of an ideal plug flow reactor in an isothermal regime was used for 

modeling the reactor. The influence of internal and external heat transfer on the reaction rate was 

neglected because of low concentration of N2O in gas mixture (1000 ppm). The influence of mass 

transfer on the overall rate of catalytic reaction was expressed as overall effectiveness factor. For 

solution, Polymath software was used. 

The mathematical model consists of the following equations [100]: 

Mass balance of N2O in dV: 

𝛼𝐴 ∙ 𝑟 ∙
𝑑𝑉

�̇�
= 𝑑𝐶𝐴                    (21) 

The kinetic equation assuming the 1
st
 order reaction rate: 

𝑟 = 𝛺 ∙ 𝑘 ∙ 𝐶𝐴                     (22) 

Arrhenius equation: 

𝑘 = 𝑘0𝑒
−𝐸𝐴
𝑅𝑇                      (23) 

The concentration of N2O expressed in terms of conversion XA, assuming that the change of the 

total volumetric flow rate due to N2O decomposition is negligible: 

𝐶𝐴 = (𝐶𝐴0 − 𝑋𝐴 ∙ 𝐶𝐴0) ∙
𝑝

𝑝0
                   (24) 

Pressure drop in gas flow through the catalyst bed of tablets: 
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𝑑𝑝

𝑑𝑧
= −

2∙𝑣2∙𝐶𝐷∙𝜌

𝑑𝑝
 (25) 

𝐶𝐷 =
1−𝜑

𝜑3 ∙ (
150∙(1−𝜑)

𝑅𝑒′
+ 1.75) (26) 

𝑅𝑒′ =
𝜑∙𝑔𝑐∙𝑑𝑝∙�̇�

𝑆∙𝜇
 (27) 

Pressure drop in gas flow through the catalyst bed of foam structure [68, 101]: 

∆𝑃

𝐿
=

𝛼 𝑆𝑣−𝑠𝑜𝑙𝑖𝑑
2 (1−𝜀0)2𝜇𝑉

𝜀0
3 +

𝛽𝑆𝑣−𝑠𝑜𝑙𝑖𝑑(1−𝜀0)𝜌�̇�2

𝜀0
3  (28) 

𝛼 = [(
1−0.971(1−𝜀0)0.5

0.6164(1−𝜀0)0.5 ) 𝜀0]
−1

 (29) 

𝛽 = [(
1−0.971(1−𝜀0)0.5

0.6164(1−𝜀0)0.5 ) (1 − 𝜀0)]
−1

 (30) 

𝑆𝑣−𝑠𝑜𝑙𝑖𝑑 = 4.867
[1−0.971(1−𝜀0)0.5]

𝑑𝑤(1−𝜀0)0.5  (31) 
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4. Experimental part 

4.1 Preparation of catalysts 

4.1.1 Preparation of cobalt based unsupported pelletized catalyst 

In this Ph. D. thesis, unsupported industrially prepared catalysts in the pellets form were 

used. Unsupported pellets of Co4MnAlOx with 2 wt. % of K were used for external diffusion tests 

in laboratory reactors and marked as AST-2 [102]. Unsupported pellets of Co3O4 with 1 wt. % of 

Cs were used for comparison with supported catalysts by a mathematical model of a full scale 

catalytic reactor for N2O abatement in waste gas from HNO3 production plant and these were 

marked as AST-4 [103]. The procedure of catalyst preparation is given below. 

AST-2 (Co4MnAlOx with 2 wt. % of K) 

The Co−Mn−Al LDH with Co:Mn:Al molar ratio of 4:1:1 was used as precursor of Co4MnAlOx 

and was prepared by co-precipitation of corresponding nitrates in an alkaline Na2CO3/NaOH 

solution at 25 °C and pH 10. The concentrations 40 and 106 mol/l were used for NaOH and 

Na2CO3 , respectively. The resulting suspension was filtered off, washed with water, dried at 

105 °C, and calcined for 4 h at 500 °C in air. The resulting product was milled, impregnated with 

KNO3, calcined, and shaped into tablets (5 mm × 5 mm). The catalyst was produced by ASTIN 

Catalysts and Chemicals, Ltd., Czech Republic. 

AST-4 (Co3O4 with 1 wt. % of Cs) 

The Co(OH)2–β was used as precursor of Co3O4 and was prepared by co-precipitation of cobalt 

nitrates in an alkaline NaOH solution at 25 °C. The resulting suspension was filtered off, washed 

with water, dried at 105 °C, and calcined for 4 h at 500 °C in air. The resulting product was milled, 

impregnated with Cs2CO3, calcined, and shaped into tablets (5 mm × 5 mm). The catalyst was 

produced by ASTIN Catalysts and Chemicals, Ltd., Czech Republic. 

4.1.2 Preparation of cobalt based catalysts deposited on the different kinds of pelletized 

supports 

Cobalt oxide Co3O4 was deposited on different commercial supports (TiO2, Al2O3, and Mg-

Al mixed oxides with various amounts of Mg and Al) to evaluate the influence of the chemical 

composition of the support and suitable geometry and textural properties on the catalytic activity of 

Co3O4 for N2O catalytic decomposition. 
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The pre-formed oxide supports, namely -Al2O3, TiO2, and Mg-Al mixed oxides with various Mg 

and Al contents were used for catalyst preparation. Before deposition of active phase on the support 

absorbability values for pure support material were determined. For this measurement, both dried 

and wet samples were weighted, and the volume of water remaining in material pores was 

calculated. All supported Co3O4 catalysts were prepared by wet impregnation method with aqueous 

solutions of Co(NO3)2 or Co(NO3)2 + Cs(NO3) at 60 °C. Impregnation of the supports was followed 

by drying at 105 °C for 3 h and calcination at 500 °C for 4 h in air. The impregnation step was 

performed two times for the Co3O4/70Mg30Al, Co3O4/30Mg70Al, and Co3O4/TiO2 samples and 

only one time for Co3O4/Al2O3. Number of impregnations was determined by the supports surface 

for obtaining comparable amounts of cobalt per one square meter. 

For comparison, the non-supported Co3O4 sample was prepared by evaporation of water from the 

cobalt nitrate solution used for support impregnation; the evaporation/drying at 115 °C for 24 h was 

followed by calcination at 500 °C for 4 h in air, than the non-supported catalysts were sieved and 

fraction with particle size of 0.165-0.315 mm was used for the catalytic tests. The detailed 

information about the supports properties and labeling of the catalyst samples are summarized in 

Table 2. 

To obtain data in kinetic regime, non-affected by internal diffusion, the supported catalysts were 

milled, sieved and fraction with particle size of 0.165-0.315 mm was used for the catalytic tests. 

Table 2: Summary of support and catalyst marking. 

Support 

marking 

Composition 

of support 

Support 

shape 

Support 

producer 

Size/hole 

diameter 

(mm) 

V/SA
1 

(m3m-2) 
Catalyst marking 

70Mg30Al 
70 wt. % MgO, 

30 wt. % Al2O3 
Raschig rings Sasol 5x5/2 0.00058 Co3O4/70Mg30Al 

30Mg70Al 
30 wt. % MgO, 

70 wt. % Al2O3 
Raschig rings Sasol 5x5/2 0.00058 Co3O4/30Mg70Al 

TiO2 TiO2 Quadrulobes Eurosupport 3.5/- 0.00051 Co3O4/TiO2 

Al2O3 Al2O3 Raschig rings Cherox 4031 5x5/2 0.00058 Co3O4/Al2O3 

1 Volume (V) and geometrical surface (SA) of support  

4.1.3 Preparation of cobalt based catalysts deposited on commercial foams 

Several series of cobalt based catalysts (Co3O4, Co4MnAlOx) deposited on the foam supports 

were prepared in order to determine a suitable method of preparation of the cobalt based foam 

catalyst for N2O decomposition: 

- Co3O4, Co4MnAlOx on SiC open-cell foams deposited by different methods. 
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- Co3O4 and Co4MnAlOx with alkali promoters on ceramic open-cell foams with different numbers 

of catalyst layers. 

- Co3O4 with cesium promoter on the different kinds of ceramic open-cell foams. 

- Co3O4 with cesium promoter on the Al-Si ceramic open-cell foams with different interlayers.  

Different kinds of foam supports were used for samples preparation. The detailed information 

about the foam supports properties and supports labeling is summarized in Table 3. Photos of foam 

supports are presented in Annex 1. 

Table 3: Marking and properties of foam supports. 

Support 

marking 

Composition of foam, 

(wt. %) 

Density of 

foam pore, 

(ppi) 

Diameter 

/height* 

(mm/mm) 

Support 

producer 

Al-Si Al2O3 (85 %), SiO2 (14 %), MgO (1 %) 10 48/20 Lanik 

Al-Si-20 Al2O3 (85 %), SiO2 (14 %), MgO (1 %) 20 48/20 Lanik 

Al-Si-30 Al2O3 (85 %), SiO2 (14 %), MgO (1 %) 30 48/20 Lanik 

Zr-Mg-Al 
ZrO2 (92.3 %), Al2O3 (1.5 %), SiO2 (0.3 %), MgO 

(2.7 %) 
10 48/20 Lanik 

SiC-Al SiC (65 %), Al2O3 (15 %), SiO2 (20 %) 10 48/20 Lanik 

SiC SiC (99 %) 20 30/20 

Fraunhoter. 

IKTS, 

Dresden 
*with tolerance 2 mm 

Preparation of Co3O4, Co4MnAlOx on SiC open-cell foams by different methods  

Co3O4 and Co4MnAlOx were deposited on the silicon carbide foam (SiC) whose size was 30 mm x 

20 mm and with a porosity of 20 ppi by two different methods: wet impregnation method and 

suspension method. 

For wet impregnation method, cobalt solution was prepared by dissolving of Co(NO3)2 or Co(NO3)2 

+ Al(NO3)2 + Mn(NO3)2 in distilled water at 60 °C. Open-cell foams were cleaned by acetone, 

weighted and heated to 75 °C before impregnation. Foams were dipped in cobalt nitrates or 

cobalt/manganese/alumina nitrates solution for 15-30 minutes. Then the samples were dried for 

3 hours at 115 °C and calcined for 4 hours at 500 °C. The deposition procedure was repeated 

3 times to be able to obtain a higher amount of active phase on the foam.  

For suspension method, at first Co(OH)2 and Co4MnAl(OH)x precursors were prepared. 

Co4MnAl(OH)x(CO3)y with the Co:Mn:Al molar ratio of 4:1:1 was prepared by co-precipitation of 

the corresponding nitrate solution in an alkaline Na2CO3/NaOH solution at 25 °C and pH 10. 

Co(OH)2 was prepared by co-precipitation of cobalt nitrate and sodium hydroxide aqueous solution. 
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The resulting suspension was stirred intensely at room temperature for 5 min. Then the products 

were filtered off, thoroughly washed with distilled water and dried at 70 °C in air. 5 g of powder of 

Co(OH)2 or Co4MnAl(OH)x(CO3)y was milled with 10 g of water and with 100 g of 3 mm 

ZrO  balls (Planetary Ball Mill PM 100, Retsch). Milling parameters and distribution of particle 

size before and after milling are shown in Table 4. From prepared slurries, two “colloid” solutions 

containing about 3 wt. % of Co(OH)2 and Co4MnAl(OH)x(CO3)y were prepared. Deposition of 

active phase on the foam structure was performed by dip coating method with definite rate 

(0.5 mm/s) with the time in suspension being 2 minutes. After each dipping, the foam was rotated 

to another side and dried for 1 minute until the next dipping. The foams were cleaned by acetone 

and weighted before coating. The foam was dipped into solution 10 times and then it was dried at 

75 °C. The deposition procedure was repeated 3 times to be able to obtain a higher amount of 

active phase on the foam. At the end, the samples were calcined for 4 hours at 500 °C. Labeling of 

the catalyst samples is summarized in Table 5. 

Table 4: Distribution of particle size before and after milling. 

Milling 

time (h) 

Co4MnAl(OH)x(CO3)y Co(OH)2 

D (10 %) 

(µm) 

D (50 %) 

(µm) 

D(90%) 

(µm) 

D (10 %) 

(µm) 

D (50 %) 

(µm) 

D (90 %) 

(µm) 

0 6.6 206 436 25 152 394 

24 1.6 3.9 12 0.8 2.3 5.1 

D(y%) means that y % of particles have a diameter which is less than D 

Table 5: Marking of cobalt catalysts deposited on the SiC foam. 

Catalyst marking Foam support Active phase Method of deposition 

Co3O4/SiC - w.i. SiC Co3O4 wet impregnation method 

Co3O4/SiC - s.m. SiC Co3O4 suspension method 

Co4MnAlOx/SiC - w.i. SiC Co4MnAlOx wet impregnation method 

Co4MnAlOx/SiC - s.m. SiC Co4MnAlOx suspension method 

Preparation of Co3O4 with cesium promoter on the different kinds of ceramic open-cell 

foams  

Active phase Co3O4-Cs was deposited by the same impregnation method as in the previous case on 

different kinds of ceramic foams (Al-Si, Zr-Mg-Al, SiC-Al) with a porosity of 10 ppi and on the 

Al-Si foams with different density of pores (10, 20 and 30 ppi). Cobalt saturated solution was 

prepared by dissolving of 89.6 g Co(NO3)2∙6H2O + 0.4 g CsNO3 in 50 ml of distilled water at 

60 °C. Open-cell foams were cleaned by ethanol, weighted and heated to 105 °C before 

impregnation. Foams were dipped in cobalt nitrates solution for 20 minutes. Then the samples were 

dried for 3 hours at 105 °C and calcined for 4 hours at 500 °C. Labeling of catalysts deposited on 

different ceramic foams is summarized in Table 6.  
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Table 6: Marking of Co3O4 catalysts with Cs promoter deposited on the different kinds of 

ceramic foam. 

Catalyst marking Active phase 
Number of active phase 

layers 

Co-Cs/Al-Si Co3O4/Cs 1 

Co-Cs/Al-Si_20 Co3O4/Cs 1 

Co-Cs/Al-Si_30 Co3O4/Cs 1 

Co-Cs/Zr-Mg-Al Co3O4/Cs 1 

Co-Cs/SiC-Al Co3O4/Cs 1 

Preparation of Co3O4 and Co4MnAlOx with alkali promoters on ceramic open-cell foams 

with different numbers of catalyst layers  

Co3O4-Cs and Co4MnAlOx-K were deposited on the ceramic foams (Al-Si) whose size was 50 mm 

x 20 mm and with a porosity of 10 ppi by wet impregnation method. Alkali metals content in cobalt 

spinel was based on previous investigation [18, 28, 51] and was 1 wt. % for Cs and 2 wt. % for K. 

Samples with different numbers of catalyst layers were prepared. Cobalt saturated solution was 

prepared by dissolving of 89.6 g Co(NO3)2∙6H2O + 0.4 g CsNO3 or 64.4 g Co(NO3)2∙6H2O + 20 g 

Al(NO3)2∙9H2O + 13.8 g Mn(NO3)2∙4H2O + 1.18 g KNO3 in 50 ml of distilled water at 60 °C. 

Open-cell foams were cleaned by ethanol, weighted and heated to 105 °C before impregnation. 

Foams were dipped in cobalt nitrates or cobalt/manganese/alumina nitrates solution for 20 minutes. 

Then the samples were dried for 3 hours at 105 °C and calcined for 4 hours at 500 °C. For samples 

with multiple layers, the deposition procedure was repeated according to the number of layers. 

Labeling of catalysts with different number of catalyst layers is summarized in Table 7.  

Table 7: Marking of Co3O4 and Co4MnAlOx with Cs and K promoters catalysts deposited 

on the ceramic foam with different numbers of catalyst layers. 

Catalyst marking Active phase Number of active phase layers 

Co-Cs/Al-Si_1 Co3O4/Cs 1 

Co-Cs/Al-Si_2 Co3O4/Cs 2 

Co-Cs/Al-Si_3 Co3O4/Cs 3 

Co-Cs/Al-Si_4 Co3O4/Cs 4 

Co-Cs/Al-Si_5 Co3O4/Cs 5 

CoMnAl-K/Al-Si_1 Co4MnAlOx/K 1 

CoMnAl-K/Al-Si_2 Co4MnAlOx/K 2 

CoMnAl-K/Al-Si_3 Co4MnAlOx/K 3 

CoMnAl-K/Al-Si_4 Co4MnAlOx/K 4 

CoMnAl-K/Al-Si_5 Co4MnAlOx/K 5 
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Preparation of Co3O4 with cesium promoter on the Al-Si ceramic open-cell foams with 

different interlayers  

The deposition procedures of different interlayers were as follows: 

The MgO interlayer was prepared from two different precursors. For the preparation of the MgO 

interlayer from the carbonate precursor, MgCO3 was prepared by co-precipitation of magnesium 

nitrate and potassium carbonate aqueous solution. 8 g of MgCO3 powder was milled with 16 g of 

water and with 160 g of 3 mm ZrO2 balls (Planetary Ball Mill PM 100, Retsch). Suspension 

solution was prepared by adding 150 ml of water to the milled phase. Deposition of active phase on 

the foam structure was performed by dip coating method with definite rate (0.5 mm/s) and with the 

time in suspension of 2 minute. The foams were cleaned by ethanol and dried at 105 °C for 1 hour 

before coating. After each dipping, the foam was rotated to another side and dried for 1 minute 

until the next dipping. The foam was dipped into the solution 4 times and then it was dried for 

15 minutes under laboratory conditions and 20 hours at 60 °C. At the end the samples were 

calcined for 4 hours at 500 °C. 

MgO interlayer from nitrate precursor was prepared by wet impregnation method, magnesium 

solution was prepared by dissolving 46 g of Mg(NO3)2∙4H2O in 50 ml of distilled water at 60 °C. 

Open-cell foams were cleaned by ethanol and dried at 105 °C for 1 hour before impregnation. 

Foams were dipped in magnesium nitrates solution for 20 minutes. Then the samples were dried for 

3 hours at 115 °C and calcined for 4 hours at 500 °C. 

MnO2 interlayer was prepared by wet impregnation method, manganese solution was prepared by 

dissolving 50 g Mn(NO3)2∙4H2O in 50 ml of distilled water at 60 °C. Open-cell foams were cleaned 

by ethanol and dried at 105°C for 1 hour before impregnation. Foams were dipped in manganese 

nitrates solution for 20 minutes. Than the samples were dried for 3 hours at 115 °C and calcined for 

4 hours at 500 °C. 

For the preparation of SiO2 interlayer, 75 ml of ethanol were mixed with 50 g of tetraethyl 

orthosilicate. After stirring for ten minutes, 12.5 ml of distilled water and 2.5 ml of concentrated 

HNO3 were added. After 60 minutes of stirring, the interlayer was deposited on the foam by dip 

coating method from this solution. Open-cell foams were cleaned by ethanol and dried at 105 °C 

for 1 hour before deposition. Dip coating conditions: Immersion rate 60 mm min
-1

, immersed in 

solution for 30 s, rate of emergence 150 mm min
-1

. The foam was then dried for 4 hours under 

laboratory conditions and calcined for 2 hours at 500 °C. 

For the preparation of TiO2 interlayer, 148.3 ml of cyclohexane, 63.4 ml of Triton X-114 non-ionic 

surfactant and 2.2 ml of distilled water were mixed. After stirring for 15 min, 37 ml of titanium 
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isopropanol were added. The solution was stirred for an additional 20 minutes and then was left to 

stand for 30 minutes. The interlayer was deposited on the foam by dip coating method from this 

solution. Open-cell foams were cleaned by ethanol and dried at 105 °C for 1 hour before deposition 

Dip coating conditions: Immersion rate 60 mm min
-1

, immersed in solution for 30 s, rate of 

emergence 150 mm min
-1

. The foam was then dried for 4 hours under laboratory conditions and 

calcined for 2 hours at 500 °C. 

Co3O4-Cs active layer was deposited on the foams with interlayers by wet impregnation method, 

which was described previously in Preparation of Co3O4 and Co4MnAlOx with alkali promoters on 

ceramic open-cell foams with different numbers of catalyst layers. Labeling of catalysts is 

summarized in Table 8.  

Table 8: Marking of the cobalt catalysts deposited on the ceramic foams with different 

interlayers. 

Catalyst marking Interlayer Active phase 

Co-Cs/MgO-n/Al-Si MgO (from nitrates) Co3O4/Cs 

Co-Cs/MgO-c/Al-Si MgO (from carbonates) Co3O4/Cs 

Co-Cs/MnO2/Al-Si MnO2 Co3O4/Cs 

Co-Cs/ TiO2/Al-Si TiO2 Co3O4/Cs 

Co-Cs/ SiO2/Al-Si SiO2 Co3O4/Cs 

 

4.2 Catalytic experiments 

4.2.1 Catalytic decomposition of N2O  

Apparatus for testing shaped catalysts 

Catalytic tests of N2O decomposition were performed on experimental apparatus “GASMIX” 

which allows us to test shaped catalysts at a total gas flow rate 300-2000 ml/min, temperature 100-

500 °C and pressure of 100-200 kPa. Scheme of the apparatus and photograph of the apparatus is 

shown in Annex 2 and 3. Connection of the individual parts of the apparatus allows: mixing and 

dosing of the required input mixture and its analysis and analysis of the output mixture. The 

required flow rate and composition of the feed mixture is ensured by mass flow rate controllers 

(Aalborg). The sources of the used gases are cylinders with calibration gases (SIAD) – N2O/N2, 

NO/N2 and cylinders with pure gases – O2, N2. The apparatus is equipped with a six-way valve, 

which allows switching of the inlet gas between the routes through the reactor and the bypass to the 

analyzer. Mass flow rate controllers and six-way valve are controlled by a computer. Water vapor 
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is supplied by flowing the gas through water saturator. Relative humidity and temperature 

measurements are carried out using the TSF 0100E probe. In order to prevent the condensation of 

water vapors in the capillaries, the lines were heated to 60 °C using MANEKO heating tapes. An 

electric compressor cooler Termotechnik (AGT) cooled to 2 °C was used to remove water vapor 

from the gas mixture before entering the analysis. A tube furnace with a programmable temperature 

controller is the part of the reaction section of the apparatus which is equipped with 

6 thermocouples and with preheating zone. For the gas composition analysis, infrared analyzer N2O 

(GMS 810 Series Sick) was used.  

This apparatus is equipped with two stainless steel reactors R1- single pellet string reactor (SPSR) 

and R2- fixed bed reactor (FBR) (Table 9), which were used for catalytic tests. A photograph of the 

laboratory reactors is shown in Annex 4. Schemes of SPSR and FBR filling are shown in Fig. 4 and 

Fig. 5 respectively. Catalysts are placed between inert materials (ceramic rings) in the constant 

furnace temperature zone. In SPSR catalyst pellets and inert material are stacked on each other in 

column of reactor. Both reactors are equipped with preheating section. 

 

Figure 4: Scheme of fixed bed laboratory reactor for N2O decomposition tests. 1- inert 

material (ceramic rings), 2 - catalyst bed, 3 - wheel of glass wool. 
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Figure 5: Scheme of single pellet string laboratory reactor for N2O decomposition tests. 1 - 

glass wool stick, 2 - inert material (ceramic rings), 3 - catalyst bed, 4 - guide rails. 

Table 9: Characteristics of laboratory catalytic reactors R1, R2 and R3. 

Reactor Type of reactor Internal diameter (cm) Length of bed (catalyst + inert) (cm) 

R1 SPSR 0.55 80 

R2 FBR 5 90 

R3 FBR 0.5 10 

Apparatus for grained catalyst tests 

Catalytic tests of N2O decomposition were performed on the experimental apparatus “ROCKET” 

which allows us to test grained catalysts at a total gas flow rate 50-500 ml/min, temperature 100-

500 °C and pressure of 100-200 kPa. The scheme and a photograph of the apparatus is shown in 

Annex 5 and 6. Connection of the individual parts of the apparatus allows: mixing and dosing of 

the required input mixture and its analysis and analysis of the output mixture. The required flow 

rate and composition of the feed mixture is ensured by mass flow rate controlers (Aalborg). The 

sources of the used gases are cylinders with calibration gases (SIAD) – N2O/N2, NO/N2 and 

cylinders with pure gases – O2, N2. The apparatus is equipped with rotameters and on-off, 3-way, 
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4-way, 6-way valves. Water vapour is supplied by flowing the gas through a water saturator. 

Relative humidity and temperature measurements are carried out using the TSF 0100E probe. In 

order to prevent the condensation of water vapors in the capillaras, the lines were heated to 60 °C 

using MANEKO heating tapes. To remove water vapor from the gas mixture before entering the 

analysis, an electric compressor cooler EMC (M&C Tech Group GmbH) cooled to 2 °C was used. 

A small crucible furnace with a programmable temperature controller is the part of the reaction 

section of apparatus, which is equipped with NiCr-Ni thermocouple. Pressure in the reactor was 

measured by a Swagelok manometer. For the gas composition analysis, infrared analyser N2O 

(GMS 810 Series Sick) was used.  

This apparatus is equipped with a stainless steel reactor R3 with internal diameter 5 mm (Table 9), 

which was used for catalytic tests. A photograph of laboratory reactor R3 is shown in Annex 7. 

Catalysts were placed between inert materials (glass balls) in the constant furnace temperature 

zone. 

Catalytic test conditions 

Before catalytic test, each catalyst sample was activated in order to clean the surface from any 

adsorbed impurities. The activation was performed by heating to 450 ° C at a speed of 10 °C/min 

and after reaching this temperature, the sample was kept under nitrogen flow for 1 hour. After 

activation, the reaction gas mixture was introduced into the system. Both inlet and outlet N2O 

concentrations were monitored at steady state at atmospheric pressure and at the following 

temperatures 450 °C, 420 °C, 390 °C, 360 °C, 330 °C, 300 °C. 

Unsupported catalyst AST-4 

Experiments with pellets were performed in a R2 reactor with a diameter of 50 mm. For inert 

conditions, the catalytic bed contained 10 ml of the sample, the total flow rate was 500 ml/min 

(293 K, 101 325 Pa) containing 0.1 mol. % N2O in N2 leading to GHSV = 3 000 h
-1

. Oxygen 

(5 mol. %), water vapor (2 mol. %) and NO (0-0.02 mol. %) were added to some experimental runs 

to simulate real waste gas from nitric acid plants; the total flow rate 500 ml/min (21 °C, 101 325 

Pa) leading to GHSV = 3000 h
-1

 was applied.  

Co3O4 ,Co3O4-Cs deposited on commercial pellets  

Experiments with pellets were performed in a R2 reactor with a diameter of 50 mm. For inert 

conditions, the catalytic bed contained 10 ml of the sample, the total flow rate was 500 ml/min (293 

K, 101 325 Pa) containing 0.1 mol. % N2O in N2 leading to GHSV = 3 000 h
-1

. Oxygen (5 mol. %), 

water vapor (2 mol. %) and NO (0-0.02 mol. %) were added to some experimental runs to simulate 



 

4. Experimental part 

31 

 

real waste gas from nitric acid plants; the total flow rate 250 ml/min (21 °C, 101 325 Pa) leading to 

GHSV = 1500 h
-1

 was applied.  

 For grains with particle size 0.165-0.315 mm obtained from dried and calcined parent solutions the 

catalytic tests were performed in reactor R3. Catalytic bed contained 0.6 g of the sample; the total 

flow rate was 100 ml/min (21 °C, 101 325 Pa) containing 0.1 mol. % N2O in N2 leading to 

GHSV = 10 l g
-1

h
-1

was applied. 

Co3O4, Co4MnAlOx deposited on the SiC foams (30x20 mm) 

Experiments with foam samples were performed in a R2 reactor with an internal diameter of 

50 mm. For inert conditions, the catalytic bed contained 14 ml of the sample, the total flow rate 

was 700 ml/min (21 °C, 101 325 Pa) containing 0.1 mol. % N2O in N2 leading to GHSV = 3 000 h
-

1 
was used. For testing samples with a smaller diameter (30 mm) than reactor diameter (50 mm), a 

stainless steel insert with an internal inner diameter of 30 mm was used. 

For grains with particle size 0.165-0.315 mm obtained from dried and calcined parent solutions the 

catalytic tests were performed in reactor R3. Catalytic bed contained 0.1 g of the sample; the total 

flow rate was 100 ml/min (21 °C, 101 325 Pa) containing 0.1 mol. % N2O in N2 leading to 

GHSV = 60 l g
-1

h
-1

was applied. 

Co3O4-Cs, Co4MnAlOx-K deposited on the ceramic foams (48x20 mm) 

Experiments with foam samples were performed in a R2 reactor with an internal diameter of 

50 mm. For inert conditions, the catalytic bed contained 30-40 ml of the sample, the total flow rate 

was 750-1000 ml/min (21 °C, 101 325 Pa) containing 0.1 mol. % N2O in N2 leading to 

GHSV = 1 500 h
-1

was used. Oxygen (5 mol. %), water vapor (2 mol. %) and NO (0-0.02 mol. %) 

were added to some experimental runs to simulate real waste gas from nitric acid plants; catalytic 

bed contained 60 ml of the sample, the total flow rate 300-700 ml/min (21 °C, 101 325 Pa) leading 

to GHSV = 300-700 h
-1

was applied.  

For grains with particle size 0.165-0.315 mm obtained from dried and calcined parent solutions the 

catalytic tests were performed in reactor R3. Catalytic bed contained 0.1 g of the sample; the total 

flow rate was 100 ml/min (21 °C, 101 325 Pa) containing 0.1 mol. % N2O in N2 leading to 

GHSV = 60 l g
-1

h
-1

was applied. 

A summary of measurement conditions is in Table 10. 
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Table 10: Test conditions of N2O catalytic decomposition. 

 
Unsupported 

catalyst (AST-4) 

Co3O4,Co3O4-Cs 

on commercial 

pellets 

Co3O4, 

Co4MnAlOx  

on SiC foams 

(30x20mm) 

Co3O4-Cs, 

Co4MnAlOx-K on 

ceramic foams 

(48x20mm) 

Shaped catalyst testing 

Inert conditions (0.1 mol. % N2O in N2) 

Reactor R2 R2 R2 R2 

Total flow rate (293 K, 

101 325 Pa), ml/min 
500 500 700 750-1000 

Catalytic bed volume, ml 10 10 14 30-40 

GHSV, h-1 3000 3000 3000 1500 

Process conditions (0.1 mol. % N2O + 5 mol. % O2 + 2 mol. % H2O + 0-0.02 mol. % NO in N2) 

Reactor R2 R2 - R2 

Total flow rate (293 K, 

101 325 Pa), ml/min 
500 250 - 300-700 

Catalytic bed volume, ml 10 10 - 60 

GHSV, h-1 3000 1500 - 300-700 

Grained catalyst testing 

Inert conditions (0.1 mol. % N2O in N2) 

Reactor - R3 R3 R3 

Total flow rate (293 K, 

101 325 Pa), ml/min 
- 100 100 100 

Catalytic bed weight, g - 0.6 0.1 0.1 

GHSV, l-1g-1h-1 - 10 60 60 

 

Evaluation of the catalytic tests 

 The resulting concentration values were determined as the mean of more measured values of inlet 

and outlet N2O concentrations in the steady state. For comparison of catalytic activity, the N2O 

conversions achieved on the individual catalysts at the same GHSV were used. N2O conversion 

was calculated according to Eq. (32): 

𝑋𝐴 =
𝐶𝐴0−𝐶𝐴

𝐶𝐴
∙ 100                     (32) 

Eq. (32) for N2O conversion calculation is valid only assuming that the total volume flow rate of 

the reaction mixture over the entire length of the reactor can be considered as constant. Although 

N2O decomposition by molar number changes, due to the very low concentration of N2O in the 

reaction mixture, this assumption was fulfilled. 

The absolute error of N2O conversions determined from repeated tests was ± 5 % [104]. For 

calculating uncertainty of indirect measured values was used Eq. (33): 

𝑈 = √∑ (
𝜕𝑓

𝜕𝑥𝑗
)

2

𝑢𝑛𝑗
2𝑛

𝑗=1                     (33) 

Where U is uncertainty of indirect measured values and unj is uncertainty of measured values. 
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4.2.2 External diffusion influence tests in laboratory reactors 

External diffusion influence tests were performed in order to evaluate the conditions of 

measurement in which the reaction rate is not affected by external mass transfer. The standard test 

for the identification of the influence of external diffusion on the overall rate was used: catalytic 

experiments at different volume flows and with different amounts of catalysts keeping the same 

space velocities were performed. Unsupported Co4MnAlOx-K (AST-2) tablets and Co3O4-Cs 

deposited on the ceramic foam (Co-Cs/Al-Si) were chosen for the evaluation of external diffusion 

effect. These catalysts were chosen due to their high catalytic activity, when the highest diffusion 

limitation is expected.  

For tableted catalysts, experiments with different catalyst amounts 7 - 36 g and at different total 

volume flow rates 300 - 1500 ml/min, maintaining the same space velocity of GHSV = 2.46 l g
-1

 h
-

1
, were performed. The ceramic rings were used as inert material and were placed under and above 

the catalyst bed, to fill up the reactor volume. In reactor R1, catalyst particles and ceramic rings 

were stacked on each other; which corresponds to the single pellet string reactor. In reactor R2, a 

thin layer of catalyst was placed between the ceramic rings, thus forming a fixed bed reactor. 

Catalytic tests of N2O decomposition were performed in the temperature range of 300 - 450 °C and 

at atmospheric pressure. For foam samples, experiments with different catalyst amounts 24 - 72 ml 

and at different total volume flow rates ranging from 600-1800 ml/min, maintaining the same space 

velocity of GHSV = 1500 l lbed
-1

 h
-1 

, were performed. Co3O4-Cs deposited on the Al-Si ceramic 

foam was used as catalyst.  

Gas analyzer (SICK S800) was used for N2O analysis.  

4.2.3 Axial dispersion tests in laboratory reactors  

In addition to the mass transfer effect, reaction rate could be affected by axial dispersion. 

Axial dispersion tests were performed to evaluate the conditions of measurement in which flow in 

laboratory reactors is close to ideal plug flow. 

The effect of axial dispersion in both reactors R1 and R2 was evaluated according to the value of 

Peclet number found out from experiments with a tracer in the reactor without catalyst filled only 

by inert (ceramic rings). This experiment was based on measurements of outlet concentrations 

depending on time after a step change of tracer concentration at the inlet. Step change of tracer 

concentration at the inlet was performed with a 4-way valve, which was placed just before the 

reactor. The obtained dependency was plotted in dimensionless coordinates (so called F-curves); 

the concentration was expressed in relation to the inlet concentration of tracer compound. Argon 

(0.2 mol% Ar in He) was used as a tracer. The flow rates 300 ml/min, 500 ml/min, 1000 ml/min 
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and 1500 ml/min flow rates (21 °C, 101 325 Pa) were applied. Quadrupole mass spectrometer RGA 

200 (Stanford Research Systems, Prevac) was used for tracer detection.  

 4.2.4 Pressure drop measurement for foam catalyst bed 

The pressure drop was measured over the SiC foam samples with pore density being 20 ppi and 

with a length of 70 mm using an apparatus schematized in Fig. 6. Air at room temperature was used 

as working fluid. The foam samples were wrapped in a ceramic mat (thickness∼1 mm) in order to 

avoid a bypass flow during the pressure drop measurements. The tube used for pressure drop 

measurement had a length of 900 mm with a diameter of 32 mm and was equipped with a flow 

distributor in front of the sample. The hot wire anemometer Testo 425 (0–20 m/s) was used for 

measurement of air velocity and its sensor was placed just behind the sample. Micro-

manometer Furnace control FCO 14 (0–10 mbar) was used for pressure drop measurement.  

 

 

 

Figure 6: Scheme of pressure drop measurement. 

4.3 Characterization of catalysts 

4.3.1 Atomic absorption spectroscopy 

The chemical composition of the prepared catalyst pellets was determined by AAS method 

using a SpectrAA880 instrument (Varian) after dissolving the samples in 2 % hydrochloric acid by 

boiling for at least 2 hours under mixing of the crushed catalyst. The experience of our analytical 

laboratory confirms that such procedure of dissolution is sufficient for perfect extraction of cobalt 

http://www.sciencedirect.com/science/article/pii/S0009250911001977#f0010
http://www.sciencedirect.com/science/article/pii/S0009250911001977#gr2
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from the supports (verified by determination of cobalt in the supports taken from the solution). 

Measurements were provided by ICPF in Prague. 

The chemical composition of samples deposited by different methods on the SiC foams was 

determined in active phase obtained from parent solution by AAS method using a 

SpectrAA880 instrument (Varian) after dissolving the samples in hydrochloric acid. Measurements 

were provided by ICPF in Prague. 

The chemical composition of the prepared catalysts on the ceramic foams and active phase 

obtained from parent solution was determined by AAS method using an Analytik Jena ContrAA 

700 after dissolving the samples in aqua regia by heating them to 200°C in the microwave reactor 

Ethos UP (Milestone, IT). The experience of our analytical laboratory confirms that such procedure 

of dissolution is sufficient for perfect extraction of cobalt from the supports (verified by 

determination of cobalt in the supports taken from the solution). Measurements were provided by 

IET, VŠB-TU in Ostrava. 

4.3.2 Nitrogen physisorption and mercury porosimetry 

Surface areas of the catalysts on the pellets and catalysts in grain form were determined by N2 

adsorption/desorption at −196 °C using ASAP 2010 Instrument (Micromeritics, USA) and 

evaluated by BET method. Prior to the measurements, the samples were dried at 120 °C for at least 

12 h. Measurements were provided by ICPF in Prague. 

Mercury porosimetry (Autopore 9600, Micromeritics, USA) was used to determine of total pore 

volume and average pore diameter of catalyst pellets. Measurements were provided by ICPF in 

Prague. 

Surface area of catalyst deposited on the ceramic foam was determined on the catalyst in the 

powder form obtained by crashing and sieving of samples to the fraction <0.25 mm. For nitrogen 

physisorption analysis of samples with different numbers of active layers on the foam (Co-Cs/Al-

Si_1-5) also samples prepared by identical procedure but on a small piece of foam (the diameter 

was 8mm and length was 20 mm) were prepared. This size was chosen in order to fit the sample 

into the 3Flex instrument. Nitrogen physisorption at −196 °C was performed on a 3Flex automated 

volumetric apparatus (Micromeritics Instruments, USA) after degassing the materials at 150 °C for 

more than 24 h under vacuum below 1 torr. Degassing at low temperature was applied to remove 

physisorbed water, but had no influence on the porous morphology of the developed materials. 

Measurement was provided by IET, VŠB-TU in Ostrava. 
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Mercury porosimetry (Autopore 9600, Micromeritics, USA) was used to determine average pore 

diameter of foam material and catalyst on the foam. Measurements were provided by CNT, VŠB-

TU in Ostrava. 

4.3.3 Powder X-ray diffraction  

The powder X-ray diffraction (XRD) patterns for pellets samples were recorded with CoKα 

radiation (λ = 1.789 Å) using the Bruker D8 Advance diffractometer (Bruker AXS) equipped with 

a fast position sensitive detector VÅNTEC 1. Measurements were carried out in the reflection 

mode in 2θ range from 5 to 80 ° with step size 0.02 °. The powdered samples were pressed in a 

rotational holder, and a goniometer with the Bragg-Brentano geometry was used. Measurements 

were provided by UCT in Prague. 

XRD patterns of catalysts deposited on the ceramic foam were obtained using Rigaku SmartLab 

diffractometer (Rigaku, Japan) with detector D/teX Ultra 250. The source of X-ray irradiation was 

Co tube (CoKα, λ1 = 0.178892 nm, λ2 = 0.179278 nm) operated at 40 kV and 40 mA. Incident and 

diffracted beam optics were equipped with 5 ° Soller slits; incident slits were set up to irradiate the 

area of the sample 10 x 10 mm (automatic divergence slits) constantly. Slits on the diffracted beam 

were set up to fixed values 8 and 14 mm.  

The powder samples were gently grinded using agate mortar before analysis and pressed using 

microscope glass in rotational sample holder and measured in the reflection mode (Bragg-Brentano 

geometry). The samples rotated (30 rpm) during the measurement to eliminate preferred orientation 

effect. The XRD patterns were collected in a 2θ range 5° - 90° with a step size of 0.01° and speed 

0.5 deg.min
-1

. Measured XRD patterns were evaluated using PDXL 2 software (version 2.4.2.0) 

and compared with database PDF-2, release 2015. Measurements were provided by IET, VŠB-TU 

in Ostrava. 

4.3.4 Scanning electron microscopy  

Scanning electron microscope Quanta FEG 450 (FEI) with EDS microprobe analysis 

APOLLO X (EDAX) was used for the characterization of the morphology of the studied samples. 

Images were taken using secondary electron and backscattered electron detectors at 15 kV. 

Microprobe analysis was performed with EDAX detector and processed with the EDAX software. 

Measurement was provided by RMSTC, VŠB-TU in Ostrava. 
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 4.3.5 Temperature programmed reduction by hydrogen  

Temperature programmed reduction by hydrogen (TPR-H2) was carried out on AutoChem II 

2920 (Micromeritics, USA). TPR-H2 tests for pellets and foam catalysts and active phase in powder 

form were performed with catalysts in grained form; grained form was obtained by catalyst milling 

and sieving to 0.165-0.315 mm size fraction for catalysts on the pellets and to < 0.2 mm size 

fraction for catalysts on the foam. Prior to the TPR experiments, the samples were outgassed in the 

flow of pure helium (50 ml min
−1

) at 500 °C for 60 min. The TPR runs were performed in the flow 

of 10 mol% H2/Ar (50 ml min
−1

) with the heating rate 20 °C min
−1

 in the temperature range 25–

1000 °C. For alkali contained catalysts TPR-H2 was performed in the temperature range 20-450 °C 

and at the 450°C measurement was kept isothermal for 40 minutes. Water vapor formed during 

TPR was captured in a cold trap. Measurements were provided by IET, VŠB-TU in Ostrava. 

 4.3.6 Raman spectroscopy 

For Raman spectroscopy of pellet catalysts, 180° degree sampling was used as a measurement 

technique. Grounded supported pellets of Co3O4 were used for measurement of Raman spectra on a 

dispersive Raman spectrometer DXR SmartRaman (ThermoScientific, USA). The measurement 

parameters were as follows: excitation laser 780 nm, grating 400 lines mm
-1

, aperture 50 μm, 

exposure time 2 seconds, number of exposures 2000, spectral region 3200-50 cm
-1

. An empty 

sample compartment was used for background measurement. The obtained spectra were treated 

with fluorescence correction (6
th
 order). Measurements were provided by RMSTC, VŠB-TU in 

Ostrava. 

Raman microspectroscopy for catalysts deposited on the ceramic foam was performed using Smart 

Raman Microscopy System XploRATM, Horiba Jobin Yvon, equipped with a 532 nm excitation 

laser source, with a 50× objective, and grating 2400 grooves/mm. Spectra were corrected by 

software LabSpec, which is included in the XploRATM device. Measurements were provided by 

CNT, VŠB-TU in Ostrava. 

4.3.7 Infrared spectroscopy 

IR spectra of pellet catalysts were measured by potassium bromide pellets technique in the 

middle infrared region (MIR). Exactly 1.0 mg of sample was ground with 200 mg dried potassium 

bromide. This mixture was used to prepare the potassium bromide pellets. The pellets were pressed 

by 8 tons for 30 seconds under vacuum. The IR spectra were collected using FT-IR spectrometer 

Nexus 470 (ThermoScientific, USA) with a DTGS detector. The measurement parameters were as 

follows: spectral region 4000-400 cm
-1

, spectral resolution 4 cm
-1

; 64 scans; Happ-Genzel 

anodization. Pure potassium bromide spectrum was subtracted from the final spectrum of the 
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samples and the polynomial (second order) baseline was used. Measurements were provided by 

RMSTC, VŠB-TU in Ostrava. 

Fourier transform infrared (FTIR) spectrum for foam catalysts was recorded by Nicolet 6700 FT-IR 

(Thermo Scientific, USA) spectrometer by ATR technique with a diamond crystal. 32 scan was 

used. Measurements were provided by CNT, VŠB-TU in Ostrava. 
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5. Results and Discussion 

5.1 Elimination of macro kinetic phenomena in laboratory reactors 

5.1.1 External diffusion in pelletized catalyst bed  

The influence of external diffusion on reaction rate was studied in fixed bed reactor R1 and 

single pellet string reactor R2. 

The standard test of the influence of external diffusion on the overall rate was used: catalytic 

experiments at different volume flows and with different amounts of catalysts keeping the same 

space velocities were performed (Fig. 7, 8). Temperature dependence of N2O conversion in reactors 

R1 and R2 at total gas flow 300 and 1500 ml/min (minimum and maximum tested volume flow) is 

depicted in Fig. 7. This figure shows that the differences between the conversions in reactor R1 

(SPSR) and reactor R2 (FBR) at gas flow of 300 ml/min at higher temperatures are larger than at 

1500 ml/min. Conversions obtained at different total gas flow rates in reactor R1 (Fig. 8) can be 

considered as constant for each temperature within the experimental error. From the results 

obtained in reactor R2 (Fig. 8) see experimental conversions rise slightly with increasing total gas 

flow rate, especially in the case of higher temperatures. Such an increase in conversions could be 

explained by the influence of external diffusion and deviations from ideal plug flow (axial 

dispersion). However, this difference is quite small and it is also possible to explain it only by the 

experimental error of measurements. 

  

Figure 7: Temperature dependence of N2O conversions in reactors R1 (SPSR) and R2 

(FBR). Conditions: 0.1 mol% N
2
O in N

2
, GHSV = 2.46 l g

-1

h
-1

, total gas flow a) 300 ml/min and b) 

1500 ml/min. 
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Figure 8: Dependence of calculated N2O conversions using a mathematical model (lines) 

and experimentally obtained conversions (points) on the total gas flow in the reactor a) R1 (SPSR) 

and R2 b) (FBR). Conditions: 0.1 mol % N2O in N2, GHSV = 2.46 l g
-1

h
-1

. 

Overall effectiveness factor was used to help to analyze the effect of diffusion on the rate of 

chemical reaction in both reactors. Overall effectiveness factor for first-order reaction, which N2O 

catalytic decomposition is, at the assumption of isothermal catalyst particle, was calculated 

according to the relations mentioned in Table 1. Intrinsic kinetic data obtained on crushed catalyst 

(0.16-0.315 mm) were used for calculation. 

 

Figure 9: Calculated temperature dependence of internal and external diffusion resistance 

in reactors R1 (SPSR) and R2 (FBR). Conditions: total gas flow 500 ml/min, 0.1 mol % N2O in N2, 

GHSV = 2.46 l g
-1

h
-1

. 
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Overall effectiveness factor can be expressed from Eq. (8), where the first term (1/η) characterizes 

the resistance towards internal diffusion, the second term (
𝑘∙𝑝𝑏

𝑘𝑐∙𝑎𝑐
) informs about the resistance to 

external diffusion and 1/Ω is total resistance to mass transfer. 

Temperature dependence of internal and external diffusion resistance in SPSR (R1) and FBR (R2) 

calculated according to Eq. (8-15) is shown in Fig. 9. Limiting effect of external diffusion in 

reactor R2 is slightly larger than in R1. However, the limiting step of reaction rate is the internal 

diffusion inside the catalyst tablets where the resistance to diffusion is much higher at all 

temperatures.  

From Fig. 10 a we can see that the resistance to external diffusion depends more on the temperature 

than on the flow and limiting effect of external diffusion in reactor R2 is larger than in R1. 

However, the influence of external diffusion on the value of overall effectiveness factor is much 

smaller than the influence of internal diffusion. That is why even the higher effect of external 

diffusion in reactor R2 does not affect the value of overall effectiveness factor significantly (Fig. 

10 b). 

Based on the calculation of the effectiveness factor, it may be concluded that the differences in 

N2O conversions observed in both reactors, and shown in Fig. 7 and 8, are not caused by external 

mass transfer limitations, and the nearly identical values of overall effectiveness factor will be used 

in the models of both reactors. 

A mathematical model of an ideal plug flow reactor in an isothermal regime was used as the first 

option to calculate N2O conversion in both reactors and to compare them with experimental data. 

The mathematical model consists of the Eq. (21) – (27). The results of calculated parameters at 

300 ml/min are shown in Table 11. Calculated conversions do not differ significantly for both 

reactors. 

A comparison of calculated N2O conversions with the experimental data is shown in Fig. 8. 

Measured conversions in reactor R1 (SPSR) are in good agreement with calculated ones; it means 

that the proposed model with ideal plug flow works well. From the results for reactor R2 it can be 

seen that the calculated conversions are constant at a given temperature and correspond well to 

experimental ones only at higher total flow rates (1000 - 1500 ml/min) and/or lower temperatures 

(360, 330 °C) while at lower total flow rates and higher temperatures (390 – 450 °C), the measured 

N2O conversions are lower. Differences between calculated and experimental conversions can be 

due to axial dispersion because the mathematical model does not take this effect into account. 
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Figure 10: Dependence of external diffusions resistance a) and overall effectiveness factor 

b) on the total gas flow in the reactor R1 (SPSR) and R2 (FBR). Conditions: 0.1 mol% N2O in N2, 

GHSV = 2.46 l g
-1

h
-1

. 

Table 11: Results of mathematical modeling of catalytic reactors R1 and R2. 

 SPSR (R1) FBR (R2) 

Ω, overall effectiveness factor 0.025 0.023 

𝒌𝐜∙𝒂𝐜

𝒌∙𝒑𝒃
, external effectiveness factor 1.492 0.208 

η, internal effectiveness factor 0.026 0.026 

kc, mass transfer coefficient (m.s-1) 0.339 0.047 

𝒗 , superficial velocity (m.s-1) 0.518 0.006 

Re’, Reynold’s number 82 1 

XA, N2O conversion (%) 95.5 94.4 

Conditions: T = 450 °C, total flow rate 300 ml/min, GHSV = 2.46 l g-1h-1, 𝜀𝑝/q=0.07 

5.1.2 Influence of axial dispersion on a pelletized catalyst bed  

In order to evaluate the effect of axial dispersion on the measured N2O conversions, the F-curves 

were evaluated from step response measurements and used for Peclet number determination 

according to Eq. (16) – (19). The obtained results are shown in Fig. 11. 
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Figure 11: Dimensionless concentration of tracer at the a) R1 (SPSR) and b) R2 (PFR) 

reactor outlets at different total gas flow rates and corresponding Pe values. 

For an ideal plug flow Pe = ∞, the F-curve spreads with a decreasing Peclet number, corresponding 

to higher values of variance and a higher degree of axial mixing. According to Levenspiel [98], the 

deviation from plug flow is small for Pe > 100. This condition is fulfilled in the whole range of 

flow rates in the SPSR reactor (R1) corresponding to the negligible axial dispersion (Fig. 11) and 

thus confirming our proposed model of ideal plug flow for this reactor. Different results were 

obtained for FBR reactor (R2) where values of Peclet numbers lower than 100 were determined, it 

means that here some deviations from ideal plug flow caused by the axial dispersion already exist 

here. From Fig. 11 we can see that these deviations are higher for lower total gas flow rates. 

If Mears criterion Eq. (20) is fulfilled, the non-ideality of flow influences tested reaction by less 

than 5%. For our experimental conditions at T = 450 °C, the inequality Pe > 48 has to be fulfilled 

to avoid the influence of non-ideal flow higher than 5 %. Since values of Pe from 49 to 77 were 

determined for reactor R2, we can conclude that the influence of non-ideal flow is lower than 5% 

and this is in accord with differences in calculated and experimental N2O conversions obtained in 

reactor R2 visible in Fig. 8. The influence of axial dispersion decreases with decreasing 

temperature.  

5.1.3 External diffusion in the foam catalyst bed 

The standard test of the influence of external diffusion on the overall reaction rate was used: 

catalytic experiments at different volume flows and with different amounts of catalysts keeping the 

same space velocities were performed in reactor R2. Conversions obtained at different total gas 

flow rates (Fig. 12) can be considered as constant for each temperature within the experimental 

error. The effect of external diffusion may be neglected in the reactor with foam catalyst in the 
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studied range of total gas flow corresponding to superficial velocities 0.5-1.5 cm/s (21 °C, 101 325 

Pa). 

 

Figure 12: Dependence of N2O conversions on the total gas flow in the reactor with 

catalyst deposited on the ceramic foam. Conditions: 0.1 mol% N2O in N2, GHSV = 1500 l l
-1

h
-1

. 

5.1.4 Summary 

Laboratory reactors for shaped catalysts testing were studied. Two tubular laboratory reactors: 

single pellet string reactor (R1) and fixed bed reactor (R2) were compared on the basis of 

laboratory experiments of N2O catalytic decomposition over cobalt mixed oxides pellets and 

measurements of residence time distribution curves. Effectiveness factors were calculated to 

evaluate the effects of mass transport on the reaction rate. Although the limiting effect of external 

diffusion on the reaction rate was higher in the fixed bed reactor, it was finally covered by higher 

internal diffusion resistance leading to a nearly identical value of overall effectiveness factors for 

both reactors. The deviation from plug flow and influence of axial dispersion on N2O conversions 

was negligible in single pellet string reactor and lower than 5 % in the fixed bed reactor. For FBR, 

better consensus with measured data at low flow rates would be obtained with model including 

axial dispersion. 

We can conclude that experimental data obtained in SPSR are minimally affected by macro kinetic 

properties, that is why it is a suitable reactor option for laboratory testing of real size catalysts in 

gas phase and its further advantage is that it allows direct scale up. To minimize the effect of macro 

kinetic properties in reactor FBR, all tests should be performed at the higher flow rate 

(>1000 ml/min). At the higher flow rate (>1000 ml/min), we obtain comparable conversions in 

both laboratory reactors, FBR and SPSR. 
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The effect of external diffusion may be neglected in the reactor with foam catalyst in the studied 

range of total gas flow corresponding to superficial velocities 0.5-1.5 cm/s (21 °C, 101 325 Pa). 

The obtained results could be used for direct scale up. 

5.2 Pressure drop in a foam catalyst bed 

The behavior of gas flow in a foam catalyst bed has not been studied so thoroughly, in 

comparison with classical pelletized catalyst bed. However, there are several papers devoted to the 

pressure drop in foam material [67, 68, 101, 105-108]. We used the calculation of pressure drop 

according to eq. (28-31) described in [68, 101] and compared calculated data with results of 

experimental pressure drop measurements in the foam catalyst bed with 20 ppi pore density. 

Calculated and experimental results are presented in Fig. 13. 

 

Figure 13: Dependence of pressure drop using calculated data (lines) and experimentally 

obtained data (points) on velocity in a foam catalyst bed with 20 ppi pore density. Conditions: 

21 °C, 101 325 Pa. 

From the obtained results we can conclude that the chosen method of calculation of pressure drop 

in the foam catalyst bed is in good agreement with experimental data. Therefore, this calculation 

can be used in mathematical model of a reactor with a foam catalyst bed. 

5.3 Co3O4 deposited on different kinds of pelletized supports 

In this chapter, Co3O4 catalysts supported on different kinds and shapes of pelletized supports 

were prepared. As support materials, commercial Mg-Al oxides, Al2O3 (Rasching rings) and 

TiO2 (quadrulobe) were used. The main aim was evaluation of influence of the type and shape of 

the support on the deN2O activity.  
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5.3.1 Results of catalyst preparation and characterization 

The results of chemical analysis of the supports and prepared catalysts are summarized in 

Table 12. Significant differences in the amount of deposited cobalt were observed; they are 

probably connected with water absorbability and the number of impregnation steps. 

Co3O4/70Mg30Al and Co3O4/30Mg70Al supports had the same absorbability and, therefore, 

contained the same amount of deposited cobalt. The smallest amount of cobalt was found in the 

Co3O4/Al2O3 catalyst, which was impregnated only once due to smaller surface area compared to 

other supports. Relatively low Co content was found also in the Co3O4/TiO2 sample despite two 

steps of impregnation. The reason can be the more hydrophobic character and worse water 

absorbability of TiO2 support compared to that of 70Mg30Al and 30Mg70Al ones.  

Table 12: Chemical composition and textural properties of supports and catalysts and 

water absorbability of supports. 

Sample 
Mg 

(wt. %) 

Co 

(wt. %) 

SBET 

(m2 g-1) 

Co/Sbet 

(gCo m
-2) 

Vmeso
a 

(cm3 g-1) 

Rb 

(nm) 

Absorbability 

(%) 

Mean size 

of clustersc 

(nm) 

70Mg30Al 42 - 99 - 0.17 3.4 72.5 - 

30Mg70Al 18 - 189 - 0.40 4.2 71.6 - 

TiO2 - - 110 - 0.29 5.3 28.6 - 

Al2O3 - - 69 - 0.25 7.2 42.7 - 

Co3O4/70Mg30Al 25.6 25.2 58 0.43 0.15 5.2 - 218±130 

Co3O4/30Mg70Al 8.0 25.2 71 0.35 0.18 5.1 - 687±496 

Co3O4/TiO2 - 16.0 76 0.21 0.24 6.3 - 495±320 

Co3O4/Al2O3 - 13.5 32 0.42 0.14 3.4 - 583±323 

Co3O4
d - 72 9 - 0.08 3.6 - 1446±498 

a Cumulative mesopore volume, BJH method  
b From BET method R = 2 Vmeso/ SBET  
c Size of catalyst clusters on the surface detected by SEM analysis 
d From parent solution 

 

The results of textural analysis of supports and prepared catalysts determined by N2 physisorption 

are summarized in Table 12. The specific surface area as well as pore volume decreased after 

support impregnation with solution of Co(NO3)2 as was expected due to the filling up of the small 

pores of the support by the formation of cobalt oxides in pores. Surface area of the supported 

catalysts is in order: Co3O4/TiO2 > Co3O4/30Mg70Al > Co3O4/70Mg30Al > Co3O4/Al2O3. Surface 

of the supported Co3O4 catalysts are several times larger than the surface of bulk Co3O4, indicating 

a possible increase of the number of accessible active sites in the supported catalysts. 

The mesopore size distribution curves of pure supports and prepared catalysts are shown in Fig. 14. 

Impregnation of the supports caused a decrease in pore volumes and their size, especially in the 

case of TiO2 and 30Mg70Al supports. The pore size distributions of the catalysts based on both 

MgAl supports differ only slightly from those of the supports. The main changes occurred in the 

range of small pores that were filled or blocked by the incorporation of the active phase. On the 
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other hand, the changes in pore size distribution of the catalysts prepared over TiO2 and 

Al2O3 supports (showing substantially higher volume of larger mesopores) were observable mainly 

in the decrease of large pores' volume.   

The presence of mesopores and their diameter is a very important parameter for the catalysts in 

shaped form. Small size of pores usually causes large surface area, which is demanding for 

catalytic reactions, but with decreasing pore size, the rate of internal diffusion also decreases.  

  

Figure 14: The mesopore size distribution of pure supports (grey curves) and catalysts 

(black curves). 

The morphology of the supports surface and active phase was studied by scanning electron 

microscopy (Fig. 15). All catalysts show different morphology and relief of their surfaces. It was 

confirmed by microprobe analysis that cobalt species have white color on micrographs; gray 

species belong to the supports. Surface morphology of the Co3O4/70Mg30Al showed the biggest 

difference in comparison with other samples; craters and macropores were observed on the surface 

(Fig. 15). Active cobalt oxide phase on the surface of the supports shows clusters consisting of 

smaller grains, which differs for each sample. Average diameters of clusters are shown in Table 12. 

The biggest clusters being those deposited on Al2O3 and 30Mg70Al supports. The cobalt oxide 

phase on the surface of Co3O4/70Mg30Al catalyst was present as small spherical and needle 

particles (Fig. 16a); the surface distribution of cobalt oxide species seems to be better and less 

bulky in comparison with those of other prepared catalysts. SEM micrograph of bulk Co3O4 (from 

parent solution) is presented in Fig. 16b. Particles of Co3O4 aggregated to bigger clusters than those 

formed after deposition of active phase on the support. It confirms that deposition of active phase 

on the supports led to the increase of surface area and the amount of available active sites. 
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Co3O4/Al2O3 Co3O4/TiO2 Co3O4/30Mg70Al Co3O4/70Mg30Al 

    

    
 

Figure 15: Micrographs (SEM) of Co3O4 deposited on various supports taken at different 

magnifications. 

Co3O4/70Mg30Al Co3O4/bulk 

  
 

Figure 16: Micrograph (SEM) of the a) Co3O4/70Mg30Al catalyst and b) bulk Co3O4. 

Powder XRD patterns of the prepared catalysts are shown in Fig. 17. The Co3O4-like oxide with 

spinel structure was identified in all catalysts. Anatase from the support was also found in the 

powder XRD pattern of the Co3O4/TiO2 catalyst, together with the Co3O4 oxide. Only traces of -

alumina could be detected in the Co3O4/Al2O3 sample (not visible in Fig. 17) and no diffraction 

lines corresponding to the support were found in the Co3O4/30Mg70Al sample. A rather amorphous 

MgO-like (periclase) phase was identified, together with Co3O4, in the powder XRD pattern of the 

Co3O4/70Mg30Al sample. Mean coherence lengths and lattice parameters of Co3O4 oxides were 

evaluated from XRD data (Table 13). The mean coherence lengths were calculated from the 

FWHM values (broadening at half of the maximum intensity) of the most intensive spinel 

diffraction line (311) observed at about 43° 2θ using the Scherrer equation [109]. In samples with 

Co3O4 oxide deposited on TiO2 and Mg-Al mixed oxide supports, the values of about 20 nm were 

3 μm 3 μm 3 μm 3 μm 

10 μm 10 μm 10 μm 10 μm 

2 μm 4 μm 
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calculated, indicating similar structure ordering of the deposited oxides. A smaller mean coherence 

length of 9 nm was evaluated for the Co3O4/Al2O3 sample. The unsupported Co3O4 obtained by 

calcination of cobalt nitrate showed the largest mean coherence length (69 nm). 

 

Figure 17: Powder XRD patterns of Co3O4 deposited on various supports. A – TiO2 

(anatase), S – Co3O4 (spinel-type oxide), P – MgO (periclase).  

The Co3O4 lattice parameter of 0.8083 nm was evaluated from the powder XRD pattern of the 

Co3O4/TiO2 sample, whereas the Co3O4-like oxides which formed over the other supports showed 

slightly higher lattice parameters of 0.811-0.814 nm (Table 13). An interaction of acid cobalt 

nitrate aqueous solution with -Al2O3 and rather basic Mg-containing supports during impregnation 

and/or interaction of the support with Co3O4-like oxides formed during calcination of the adsorbed 

cobalt nitrate cannot be avoided. Such interactions could result in affecting the Co3O4 structure due 

to the incorporation of Mg and/or Al cations, thus changing the spinel lattice parameter. 

Nevertheless, all evaluated lattice parameters corresponded to data reported in the PDF database, in 

which Co3O4 phases with various lattice parameters are reported; for example a = 0.8065 nm (PDF 

01-074-1657) or a = 0.8197 nm (PDF 01-080-1540). 
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Table 13: Mean coherence lengths and lattice parameters of Co3O4-like oxides evaluated 

from powder XRD patterns of the prepared catalysts. 

Catalyst 
Lca 

(nm) 

a 

(nm) 

Co3O4/70Mg30Al 19 0.8144 

Co3O4/30Mg70Al 21 0.8121 

Co3O4/TiO2 23 0.8083 

Co3O4/Al2O3 9 0.8112 

Co3O4 68 0.8084 
a Determined from the FWHM of spinel (311) diffraction line using the Scherrer equation [109] 

IR spectra of the prepared catalysts are shown in Fig. 18. In the spectra of all samples, two main 

bands (F1u
(1)

 and F1u
(2)

), which correspond to Co3O4 octahedral lattice vibrations [110, 111] in 

spinel structure, are visible. Samples deposited on support containing Al also show bands 

corresponding to Al2O3, as it is obviously seen in the spectrum of the Co3O4/Al2O3 sample. 

According to [112], the band around 820 cm
-1

 can be assigned to the vibrations of Al-O bond in 

AlO4 units, the band around 758 cm
-1

 indicates the presence of octahedral coordinated aluminum in 

AlO6 units. Samples deposited on Mg-Al mixed oxides show shoulders in this region, which 

indicates presence of octahedral and tetrahedral coordinated aluminum also in these samples. The 

band at 444 cm
−1

 in the spectrum of Co3O4/70Mg30Al sample was attributed to the Mg–O 

stretching vibration [113], while the band at 1367 cm
−1

 was associated with carbonates remaining 

from the support synthesis [114]. The catalyst with Co3O4 deposited on TiO2 has shoulders at about 

600 and 480 cm
-1

 indicating the presence of TiO2 in the sample [115]. 

 

Figure 18: IR spectra of Co3O4 deposited on various supports. 
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IR results show that Co3O4 bands in the spectra of supported catalysts are broader in comparison 

with those of reference Co3O4 , due to the presence of bands corresponding to the supports. 

However, some interaction of Co3O4 with the support could not be avoided. In the Mg-containing 

samples the deposition of Co3O4 on the support caused not only broadening of the F1u
(1)

 and F1u
(2)

  

bands, but also a slight shift of the F1u
(2)

 band to lower wavenumbers. The shift is more pronounced 

with higher Mg content and could indicate an incorporation of Mg
2+

 cations into the Co3O4-like 

oxide.  

The Raman spectra of the prepared catalysts with Co3O4 deposited on various supports (Fig. 19) 

reveal five bands at 192, 478, 517, 613 and 685 cm
-1

, which correspond to the F2g
(3)

, Eg, F2g
(2)

, F2g
(1)

, 

and A1g vibration modes of Co3O4, respectively [116]. For the Co3O4/TiO2 catalyst the band at 144 

cm
-1

, corresponding to anatase [117], was also detected. The position of some bands in Raman 

spectra of the supported catalysts slightly differ from those of Co3O4, especially the position of A1g 

band, which indicates that local Co coordination in the spinel structure, was affected by the 

support. The Mg-containing samples exhibited bands broadening and shift of the A1g band in the 

spectrum of the Co3O4/70Mg30Al to lower wavenumbers. Similarly as in the IR spectra, this shift 

might be attributed to the incorporation of Mg cations into the Co3O4 lattice. The slight shift in 

band positions to lower wavenumbers in differently loaded CoO-MgO samples in comparison with 

the bands of Co3O4 was reported by Ulla et al. [118]; it was explained by different metal-support 

interactions. It is worth noting that in examined wavenumbers, there were no vibration signals for 

MgO (450 and 300 nm [119]).  

 

Figure 19: Raman spectra of Co3O4 deposited on various supports. 
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TPR-H2 was used to characterize the reducibility of the prepared catalysts since it is one of the 

main parameters which can govern oxide catalyst performance in redox reactions like N2O 

decomposition. TPR reflects changes in electronic properties of material and these also influence 

its catalytic activity. For comparing deposited samples with bulk Co3O4 TCD signal was 

recalculated on the amount of Co in the catalysts. From TPR profiles obtained over grains prepared 

from supported catalysts (Fig. 20) we can see that reduction of pure Co3O4 proceed at Tmax of 

436 °C with shoulders at 388 °C and it is ascribed to the reduction of Co
3+

 → Co
2+

 followed by 

Co
2+

 → Co
0
 in Co3O4 phase. Reduction of Co3O4/TiO2 catalyst proceeds at Tmax around 460 °C with 

shoulder at 412 °C, that is shifted to higher temperatures compared that of pure Co3O4 due to 

interaction between Co3O4 spinel phase and TiO2 (CoTiO3) [120, 121]. Two peaks are clearly 

visible in TPR profiles of Co3O4 deposited on 70Mg30Al (359 °C, 753 °C) and Co3O4 deposited on 

30Mg70Al (364 °C, 704 °C), while two coupled temperature maxima at 450 and 523 °C are present 

in the TPR pattern of Co3O4 deposited on Al2O3. Again, the low temperature peak in all three 

samples can be ascribed to the two-step reduction of Co3O4. High temperature peak is connected 

with the reduction of cobalt species that interact somehow with the support. Aluminum ions usually 

form cobalt associates that radically worsen catalyst reducibility [28]. Our samples deposited on 

supports which contained aluminum really have the Tmax corresponding to cobalt aluminates; for 

Co3O4/Al2O3 at 523 °C, for Co3O4/70Mg30Al at 753 °C and for Co3O4/30Mg70Al at 704 °C. On 

the contrary, samples deposited on supports containing Mg demonstrated shift of the first 

maximum to lower temperatures; the shift is more noticeable with an increasing amount of Mg in 

the support. A similar effect of Mg ions on the reducibility of Co3O4 was also found in work [122]. 

Changes in reducibility - easier of reduction expressed as TPR temperature maxima pointing to the 

interactions between active phase and supports which contain either aluminum or magnesium, are 

in accordance with findings from IR and XRD analysis. Based on H2-TPR results, we can assume 

that deposition of Co3O4 on a Mg-rich support led to the formation of Co-Mg-Al-O phase and to 

the formation of better reducible cobalt species due to the electronic interaction between cobalt and 

magnesium cations and structural promotion effect of Mg in the Co3O4 lattice [123]. The usage of 

Al-rich support led to a decrease in reducibility, due to the formation of cobalt aluminates, which 

tend to form a stronger bond with oxygen [37]. It means that part of the cobalt ions is incorporated 

into the structure as hardly reducible species and thus the amount of cobalt remaining for the easy 

reducible phase (up to 450 °C) is lower than in the case when hardly reducible species are not 

present or if there is only a small amount of these species. The catalyst without hardly reducible 

components (Co3O4/TiO2) has an advantage in a larger number of potential active sites. TPR 

profiles clearly indicate that deposition of Co3O4 on various supports significantly affects the 

reducibility (i.e. bond strength) of Co
3+

 as well as Co
2+

 with oxygen. 
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Figure 20: TPR-H2 profiles of Co3O4 deposited on various supports.  

5.3.2 N2O catalytic decomposition over Co3O4 on different supports  

Catalytic activity of the supported catalysts can be influenced by several factors: the amount of 

active phase, interaction of Co3O4 with the supports (influences intrinsic kinetics) and different 

textural properties and shapes of supports (influences transport phenomena).  

 The effect of support on intrinsic kinetic 

For the evaluation how different supports influenced catalytic properties of active cobalt species, 

grains prepared from supported Co3O4 catalysts were tested for N2O decomposition in kinetic 

regime (Fig. 21a), i.e. the shape and textural effects were absent. The highest conversion was 

achieved over Co3O4/70Mg30Al, followed by Co3O4/TiO2 and Co3O4/30Mg70Al; the lowest 

conversion was obtained over Co3O4/Al2O3 sample. For comparison, conversions over bulk 

Co3O4 were also measured and in this case much higher N2O conversions were observed.  

Since supported catalysts have different Co3O4 loadings, non-identical concentration of the active 

phase in the catalysts was overcome by comparing specific rate constants (related to the unit of 

active phase) calculated according to Eq. (34) (Table 14): 

𝑘𝑔𝑟𝑎𝑖𝑛 = ln (
1

1−𝑋𝑁2𝑂
) /

𝑤𝐶𝑜

�̇�
                   (34) 

where wCo (kg) represents the weight of cobalt and �̇� (m
3
s

-1
) total gas flow.  
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Figure 21: Temperature dependence of N2O conversion over Co3O4 bulk and deposited on 

different supports. a) Grain form, conditions: 1000 ppm N2O in N2, GHSV = 10 l g
-1

h
-1

. b) Shaped 

form, conditions: 1000 ppm N2O in N2, GHSV = 3000
 
h

-1
. 

The highest kgrain was obtained again over Co3O4/70Mg30Al, followed by unsupported Co3O4 and 

Co3O4/TiO2, Co3O4/30Mg70Al, Co3O4/Al2O3. Since (no the) rate constants differ from sample to 

sample, we can assume that some interaction of active Co3O4 phase with support took place; this is 

consistent with TPR-H2, FTIR and Raman spectroscopy results.  

The activity of the catalyst expressed as N2O conversion is the result of a complex of two factors: 

the number of accessible active sites that participate in the reaction and the rate of reaction cycle on 

the active site. Deposition of active phase on the supports could affect both of these parameters. In 

our case, the influence of support on active phase is different for each sample.  

In the case of cobalt deposited on a support with a high content of Al2O3 (Co3O4/Al2O3, 

Co3O4/30Mg70Al), despite the larger surface area and positive effect of Mg on reducibility 

(Co3O4/30Mg70Al), it showed lower catalytic activity due to the negative influence of Al ions on 

the properties of active sites via the formation of hardly reducible species, which cannot take part 

in N2O decomposition. Moreover, the worst dispersion of active phase on this support detected 

from SEM – formation of cobalt spinel clusters, can also contribute to lower catalytic activity. 

Co3O4 supported on TiO2 was more difficult to reduce (higher Tmax of low temperature peak) in 

comparison with Mg-rich supports, but the active phase deposited on TiO2 had good dispersion 

(visible from SEM) and TiO2 did not produce hardly reducible compounds with Co as in the case 
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of Al-rich supports, resulting in enhancing its catalytic activity compared to catalyst over Al-rich 

supports.  

Despite the fact that the sample deposited on the 70Mg30Al support contains hardly reducible 

species, which cannot take part in N2O decomposition; it is the most active catalyst in this series. 

Due to the positive effect of Mg ions on the reducibility and better dispersion of active phase on the 

support surface, the active phase has a sufficient amount of active sites and also allows higher 

reaction rate. The presence of such active sites in sufficient quantity determines the fact that the 

Co3O4/70Mg30Al is more active than samples without hardly reducible species (bulk Co3O4, 

Co3O4/TiO2). 

In accordance with our findings, the positive effect of MgO on Co3O4 catalytic properties was also 

observed in other studies [9, 23, 124-127]. Cimino et al. [125] concluded that the activity per cobalt 

ion is enhanced by its dilution in the MgO matrix. Gamil A. El-Shobaky studied the influence of 

MgO addition to Co3O4 on catalytic activity for H2O2 decomposition [126]; an effective increase in 

the oxidation state of the treated cobalt oxide samples via conversion of the Co
2+

 into Co
3+

 ions was 

found out due to the doping with MgO. From Yan's results [127] indicate that Mg 
2+

 in 

Co3O4 lattice has positive effect only when a small amount of Mg is present. Catalytic activity of 

catalysts decreased with a higher content of Mg. Negative effects of the Mg ion, which is present in 

higher concentrations in the Co3O4 lattice, were also investigated by Stelmachowski [128]. In our 

case, the cobalt active phase could contain only minimal amount of Mg due to interaction of active 

phase with Mg-riched support. 

The effect of support properties on catalytic performance of shaped catalysts with 

deposited Co3O4 

To evaluate the way in which support shape and texture influenced catalytic properties, data of N2O 

decomposition over catalyst pellets and grains was used for the calculation of internal effectiveness 

factor η [96]: 

𝜂 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡ℎ𝑎𝑡 𝑤𝑜𝑢𝑙𝑑 𝑟𝑒𝑠𝑢𝑙𝑡 𝑖𝑓 𝑒𝑛𝑡𝑖𝑟𝑒 𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟 𝑤𝑒𝑟𝑒 
𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑝𝑒𝑙𝑙𝑒𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 

                (35) 

N2O conversions at the same reaction conditions have to be used for the determination of both 

reaction rates. We assume that the rate of reaction on the catalyst in the form of grains is not 

affected by internal diffusion and can be used as reaction rate at external pellet surface conditions. 

To evaluate actual overall rate of reaction, N2O conversions over pellets were recalculated to the 

same GHSV as was used for testing grains (GHSV = 10 l h
-1

g
-1

= 0.0028 m
3
s

-1
kg

-1
) using 1

st
 order 

kinetic equation and material balance of the ideal plug flow reactor: 
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𝑋𝑁2𝑂 = 1 − 𝑒
−𝑘

𝐺𝐻𝑆𝑉⁄                     (36) 

1
st
 order kinetic constants kpellet (m

3
s

-1
kg

-1
) were calculated from N2O conversions over pellets 

according to Eq. (37): 

𝑘𝑝𝑒𝑙𝑙𝑒𝑡 = ln (
1

1−𝑋𝑁2𝑂
) /

𝑤

�̇�
                    (37) 

where w (kg) is the weight of the pellets and �̇� (m
3
s

-1
) stands for total gas flow. Then both reaction 

rates, defined as the amount of N2O converted per kg of catalysts per hour (molN2O kgcat
-1

 h
-1

) at 

450 °C, were calculated (rgrain and rpellet, respectively). 

The ratio rgrain/rpellet provides the internal effectiveness factor of pellet utilization (Table 14). The 

highest pellet utilization (highest η) was found on the catalyst deposited on 30Mg70Al support. The 

utilization of pellets of other catalysts is lower and very similar.  

Temperature dependence of N2O conversions over catalyst pellets is depicted in Fig. 21b. N2O 

conversions order obtained over catalysts in grain and shaped forms was the same, which means 

that this order is governed by intrinsic kinetics and not by the shape and texture features of 

catalysts. For comparison, conversions calculated over bulk Co3O4 based on the data obtained from 

powder sample were also added. One dimensional pseudo-homogeneous PFR model for pelletized 

Co3O4 catalyst (tablets 5x5 mm, V/SA =0.00083, rp= 10 nm, ρc = 2600 kg.m
-3

, ɛp/q = 0.1) published 

previously in [28, 62, 122] was used to calculate N2O conversions at reaction conditions identical 

to measurement of other supported pellets Eq.(21-27). Although N2O conversions over grained 

bulk Co3O4 were several times higher than those over supported samples, conversions over 

Co3O4 pellets are close to those obtained over supported Co3O4 catalysts, in spite of the 

significantly higher content of active cobalt components. This is a very positive finding in terms of 

the applicability of the supported pelletized catalysts in a real plant. 

Table 14: Kinetic constants, reaction rates and internal effectiveness factor η for supported 

Co3O4 catalysts at 450 °C. 

Parameter/Catalyst 
Co3O4/ 

TiO2 

Co3O4/ 

Al2O3 

Co3O4/ 

30Mg70Al 

Co3O4/ 

70Mg30Al 
Co3O4 

kgrain (m3 kgCo
-1s-1) 0.027 0.013 0.012 0.034 0.028 

kpellet (m
3 kgCo

-1 s-1) 0.009 0.005 0.007 0.012 - 

rgrain (m3 kg-1s-1) 0.200 0.095 0.151 0.304 - 

rpellet (m
3 kg-1 s-1) 0.024 0.008 0.020 0.034 - 

η (-) 0.12 0.09 0.13 0.11 0.09 
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Similarly as in the case of grained catalysts, kinetic constants related to the unit weight of Co were 

calculated also from experiments over pellets (Table 14). The highest kinetic constant (m
3 
kgCo

-1
s

-1
) 

for shaped forms was found in cobalt deposited on the support with the highest content of Mg 

(Co3O4/70Mg30Al), followed by a sample deposited on TiO2 (Co3O4/TiO2), which correlates with 

findings in kinetic regime. The activity order of the rest of the samples differs in relation to 

measurements in grain and shaped form of samples. The lowest rate constant determined for the 

grain form was found in Co3O4/30Mg70Al. However, in the pellet form, the order changed and 

Co3O4/30Mg70Al had a higher kinetic constant than Co3O4/Al2O3. This fact can be explained by 

the lower influence of internal diffusion limitations in the Co3O4/30Mg70Al pellet in comparison to 

other samples. 

 5.3.3 Co3O4-Cs deposited on the pelletized Mg-Al mixed oxide support 

Catalyst activity can be significantly increased by modification of the cobalt spinels with small 

amounts of alkali metals [15, 18, 24, 28, 48-51]. A support with a high content of Mg (70wt.% Mg 

+ Al2O3) is the most appropriate support in comparison with other studied supports, and was used 

for the preparation of a catalyst with cesium doped cobalt oxide Co3O4. 

The results of textural analysis of the prepared catalyst determined from N2 physisorption and 

chemical analysis are summarized in Table 15. The sample with a cesium promoter has the same 

chemical composition except Cs content. Results of N2O decomposition over Cs-doped 

Co3O4 deposited on the 70Mg30Al are shown in Fig. 22. As expected, the sample doped with 

cesium showed higher conversion then non-promoted Co3O4 deposited on 70Mg30Al. In order to 

estimate the potential of Cs-doped Co3O4 deposited on the 70Mg30Al pellets for low temperature 

N2O decomposition suitable for lowering of N2O emissions from nitric acid production plants, the 

effect of O2, H2O and NO on its de-N2O performance was also analyzed (Fig. 22b). Conversions in 

simulated waste gas stream were significantly lower than in inert conditions. 

Table 15: Chemical composition and textural properties of Co3O4 promoted by cesium 

deposited on pelletized Al-Mg mixed oxides. 

Sample 
Mg 

(wt. %) 

Co 

(wt. %) 

Cs 

(wt. %) 

SBET 

(m2 g-1) 

Vmeso
a 

(cm3 g-1) 

rb 

(nm) 

Co3O4-Cs/70Mg30Al 22.4 26.1 0.4 79 0.4 10 
a Cumulative mesopore volume, BJH method.  
b From BET method R = 2 Vmeso/ SBET  
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Figure 22: Temperature dependence of N2O conversion over a) Co3O4 and Co3O4-Cs 

deposited on 70Mg30Al support in inert conditions: 1000 ppm N2O in N2, GHSV =3000
 
m

3
m

3
bedh

-

1
; and over b) Co3O4-Cs deposited on the 70Mg30Al support in industry conditions: 1000 ppm N2O 

+ 5 % O2 + 2 % H2O + 200 ppm NO in N2 and 1000 ppm N2O + 5 % O2 + 2 % H2O in N2, GHSV = 

1500 m
3
m

3
bed

 
h

-1
. 

5.3.4 Summary 

The differences in the obtained catalytic activities as well as from the results of XRD, BET, IR 

and TPR H2 results clearly show that the support plays an important role in the catalytic deN2O 

activity of the Co3O4 based catalysts. N2O conversions order obtained over the catalysts in grain 

and shaped forms was the same, which means that this order is governed by intrinsic kinetics and 

not by the shape and texture features of catalysts. In spite of the fact that Co3O4 deposited on a 

support with a high content of Mg (70wt.% Mg + Al2O3) contained hardly reducible compounds, it 

possessed the highest catalytic activity among the supported samples, which can be due to the 

presence of active sites with easier reducibility (lower Tmax) and better dispersion of active phase on 

the surface of the support, which in turn contributes to a greater number of available active sites.  

From the point of view of the utilization of supported catalysts, it was found out that although N2O 

conversions over bulk Co3O4 in kinetic regime were several times higher than those over supported 

samples, the conversions over bulk Co3O4 pellets are comparable with supported Co3O4 catalyst in 

pelletized form, in spite of the fact that Co3O4 contains a significantly higher content of active 

cobalt components. This demonstrates that deposition of cobalt spinel catalyst on a suitable support 

in pellet form can be a good alternative to unsupported pellets with low mechanical strength and 

with a high content of expensive and environmentally harmful cobalt species. 
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The modification of the most active catalytic system Co3O4/70Mg30Al by Cs promoter led to a 

more active pelletized catalyst for N2O decomposition.  

 5.4 Co3O4 and Co4MnAlOx deposited by different methods on the SiC 

open-cell foams 

This chapter deals with the preparation of cobalt catalysts by deposition of a thin catalyst layer 

on the open-cell SiC foam by two different methods. For deposition of active phase on the SiC 

open-cell foams, wet impregnation (w.i.) and suspension method (s.m.) were used. The aims of this 

chapter were: (i) deposition of known active phase (Co3O4, Co4MnAlOx) on supports with foam 

structure and testing of these catalysts for N2O decomposition; (ii) comparison of two different 

methods of active phase deposition; (iii) evaluation of the effects of deposition procedure on the 

deN2O catalytic activity of supported samples. 

5.4.1 Results of catalyst preparation and characterization 

Theoretical chemical composition and the amount of active phase deposited on the foam are 

shown in Table 16. Samples with the same type of active phase Co3O4 and Co4MnAlOx show its 

similar loading about 14 and 12 wt. % of mixed oxide phase, respectively. 

Table 16: Results of preparation of foam catalysts. 

Samples/Parameters 
Co3O4/ 

SiC -w.i. 

Co4MnAlOx/ 

SiC - w.i. 

Co3O4/ 

SiC - s.m. 

Co4MnAlOx/ 

SiC - s.m. 

Total amount of active phase (g) 0.7921 

14.2 

0.6397 

12.5 

0.7529 

13.8 

0.5707 

11.9 Total amount of active phase (wt. %) 

Co (wt.%) 10.2 6.2 10.2 5.9 

Mn (wt.%) - 1.4 - 1.3 

 

The chemical analysis and specific surface area of prepared active phases are summarized in Table 

17. Samples with the same type of active phase (Co3O4 or Co4MnAlOx) show the same chemical 

composition. The molar ratios Co : Mn : Al, calculated from the concentrations measured by AAS 

are close to those set during the preparation procedure. Using different methods of preparation and 

different precursors led to the formation of active phases with different textural properties. Samples 

prepared by suspension method (Co(OH)2-β, Co4MnAl(OH)x(CO3)y were used as precursors) show 

higher BET surface area compared to wet impregnation method and simultaneously samples 

containing Al and Mn have higher surface area than samples containing Co3O4.  
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Table 17: Chemical composition and textural properties of active phase
*
. 

Samples/Parameters S
BET

 (m
2

.g
-1

) Co (wt.%) Mn (wt.%) Al (wt.%) 
Co:Mn:Al 

molar ratio 

Co
3
O

4 
- w.i. 9 72.0 - - - 

Co
3
O

4
 - s.m. 19 73.8 - - - 

Co
4
MnAlO

x 
- w.i. 36 49.8 11.5 5.1 4.0 : 1.0 : 0.9 

Co
4
MnAlO

x
 - s.m. 99 49.7 10.6 5.7 4.0 : 0.9 : 1.0 

*determined on powder obtained by drying and calcination of parent suspension/solution 

 

Results of XRD are summarized in Fig. 23 and Table 18. The X-ray diffraction lines characteristic 

to a cobalt spinel structure were indexed within the Fd3m space group and the diffractograms 

proved spinel structure in all investigated samples (Fig. 23). SiC and graphite from the support 

were also found in the powder XRD pattern of the supported catalysts, together with the spinel 

phase. The mean coherence lengths Lc corresponding approximately to crystallite size were 

determined from half-width of peak S (311) using Scherrer’s equation. The mean coherence lengths 

Lc and the unit cells parameters for active phase obtained from parent solutions and active phase 

deposited on the SiC foams are summarized in Table 18. The increase of crystallite size in order 

Co4MnAlOx - s.m. < Co4MnAlOx - w.i. < Co3O4 - s.m. < Co3O4 - w.i. was observed. Crystallite size 

corresponds with the determined surface area, the smaller the crystallite size the larger the surface 

area is. Crystallite size values of active phase deposited on SiC foams have the same order and are 

similar with bulk samples (powder from parent solution) and we can suppose that the order of 

surface values remained the same even after deposition of active phase on the SiC support. Values 

of cell parameters of deposited samples did not change after deposition on SiC except for 

Co4MnAlOx/SiC - s.m.,which could be connected with larger structural changes reflected also in 

larger change of crystallite size value. 

Table 18: Mean coherence lengths and lattice parameters of the prepared structured 

catalysts and active phase. 

Samples/ XRD parameters 
Lc 

(nm) 

a 

(nm) 

Co
3
O

4
- w.i. 68.5 0.8073 

Co
3
O

4
 - s.m. 25.5 0.8073 

Co
4
MnAlO

x
- w.i. 21.0 0.8103 

Co
4
MnAlO

x
 - s.m. 7.3 0.8156 

Co
3
O

4
/SiC - w.i. 57.9 0.8073 

Co
3
O

4
/SiC - s.m. 29.9 0.8076 

Co
4
MnAlO

x
/SiC - w.i. 19.3 0.8109 

Co
4
MnAlO

x
/SiC- s.m. 14.8 0.8096 
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Figure 23: XRD patterns of the Co3O4 and Co4MnAlOx deposited on SiC foam by different 

methods. Identified phases S – spinel phase, ♦ – SiC, ◊ – Graphite. 

Active phase deposited by different methods has different morphology, which is in good agreement 

with the results of XRD analysis and textural properties. The reason of the observed differences in 

structure properties for samples with the same chemical compositions prepared by different 

methods is a different course of the crystallization process, probably connected with different 

temperature of precursors' decomposition, since different precursors were used for impregnation 

and suspension method. Such a finding is in good agreement with our previous work [25], where 

calcination of metal nitrates led to the formation of catalyst with higher crystallite size related to 

higher ordering of the crystal structure and lower surface area since well-crystallized samples are 

less porous.  

The morphology of cobalt mixed oxides deposited on SiC foams by different methods was studied 

by scanning electron microscopy and compared with active phase in grained form obtained from 

parent solutions. Micrographs of pure SiC foam and SiC with Co3O4 active phase deposited by both 

methods are shown in Fig. 24. Micrographs of catalysts in grain form (from parent solutions) and 

active phases deposited on SiC foams are shown in Fig. 25. Deposition of active phase from 

nitrates solution by impregnation led to the formation of thin, smooth surface without cracks.  
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Figure 24: SEM micrographs of a) pure foam, b) Co3O4/SiC - w.i. and c) Co3O4/SiC - s.m..  

Deposition of active phase from suspension solution from calcined hydroxides or layered 

hydroxides led to the formation of thicker catalyst layers with cracks that may cause active phase 

loss during manipulation. Mean size of the thickness of deposited catalyst layers is presented in 

Table 19. Thickness of deposited catalyst layers was measured in the cut of samples in 3 different 

places. Variation in the thickness of the catalyst layers of samples with similar loadings of active 

phase is related to the different density of the obtained spinel. The thinnest catalytic layer (4 µm) 

was detected over the Co4MnAlOx/SiC - w.i. sample. The morphology of Co3O4 is different in 

comparison with the morphology of Co4MnAlOx, when wet impregnation method was used. 

Surprisingly, samples prepared by suspension method have similar morphology despite their 

different chemical composition. The morphology of active phase deposited on the SiC is close to 

the appropriate bulk active phase. 

Table 19: Mean size of thickness of deposited catalyst layers. 

Size of catalyst layer 
Co3O4/ 

SiC - w.i. 

Co4MnAlOx/ 

SiC - w.i. 

Co3O4/ 

SiC - s.m. 

Co4MnAlOx/ 

SiC - s.m. 

Thickness of catalyst layer (µm) 22 4 40 31 

 

TPR-H2 was used to characterize the reducibility of the prepared catalysts, since it is one of the 

main parameters which can govern oxide catalyst performance in redox reactions. TPR-H2 results 

of deposited samples were compared with the results of active phase obtained from parent solution 

(bulk). TPR-H2 profiles depicted in Fig. 26 show two main temperature ranges during reduction of 

Co4MnAlOx samples and just one temperature range of reduction of Co3O4. In the first range (220-

450 °C), reduction of Co
3+

 → Co
2+

 and Co
2+

 → Co
0
 [31, 32] takes place along the reduction of 

Mn
4+

 to Mn
3+

 and Mn
3+

 to Mn
2+

 in the case of Co4MnAlOx [37, 129]. In the second region (450-

800 °C) proceeds the reduction of hardly reducible species e.g. Co-Mn aluminates and Mn
3+

 to 

Mn
2+

 species [31, 129].  

Despite having the same chemical composition, samples with Co3O4 active phase in grain form 

have different TPR-H2 profiles. Sample Co3O4 - s.m. has two separated temperature maxima (341, 

448 °C). But in case of Co3O4 – w.i., the first temperature maximum is shifted to a higher 

a b c 

1 mm 1 mm 1 mm 



 

5. Results and Discussion 

63 

 

temperature, coalescing with the second maximum (436 °C), forming only a small shoulder at 

380 °C. The first temperature maximum could be related to the reduction of Co
3+

 → Co
2+ 

and 

second one to Co
2+

 → Co
0
.  

Samples containing Co3O4 active phase have higher amounts of reducible components (Table 20) 

in comparison with Co4MnAlOx containing samples.  

Co3O4/SiC - s.m. Co3O4/SiC - w.i. 

    

Co3O4 - s.m. Co3O4 - w.i. 

    

Co4MnAlOx/SiC - s.m.  Co4MnAlOx/SiC - w.i.  

    

Co4MnAlOx - s.m. Co4MnAlOx - w.i. 

    

Figure 25: SEM micrographs of samples: 1- a and 1- b Co3O4/SiC - s.m., 1- c and 1- d 

Co3O4 - s.m (grain); 2- a and 2- b Co3O4/SiC-w.i., 2- c and 2- d Co3O4 - w.i (grain); 3- a and 3- b 

Co4MnAlOx/SiC - s.m., 3- c and 3- d Co4MnAlOx - s.m (grain); 4- a and 4- b Co4MnAlOx/SiC - 

w.i., 4- c and 4- d Co4MnAlOx - w.i. (grain). 

1- a 1- b 

1- c 1- d 

2- a 

2- c 

2- b 

2- d 

3- a 

3- c 

3- b 

3- d 

4- a 

4- c 

4- b 

4- d 

100 μm 10 μm 100 μm 10 μm 

100 μm 10 μm 100 μm 20 μm 

100 μm 10 μm 100 μm 10 μm 

10 μm 100 μm 10 μm 100 μm 
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Figure 26: TPR-H2 of samples a) active phases in powder form prepared from parent 

solutions and b) deposited on SiC foams (crushed and sieved to fraction < 0.2 mm.).  

Table 20: Results of TPR-H2 on structured catalysts and active phase in powder form. 

Catalyst Tmax, °C H2 consumption, mmol/g (20-1000 °C) 

Co3O4 - s.m. 341, 448 19.0 

Co3O4 - w.i. 388,436 19.9 

Co4MnAlOx - s.m. 379, 691 14.7 

Co4MnAlOx - w.i. 395, 623 14.2 

Co3O4/SiC - s.m. 455 4.5 

Co3O4/SiC - w.i. 440 3.5 

Co4MnAlOx/SiC - s.m. 433, 565, 706 1.8 

Co4MnAlOx/SiC -w.i. 420, 607 1.6 

 

Temperature maxima of all samples shifted to higher temperatures after deposition on SiC foam. 

This can be ascribed to the reduction of the metal-support species such as cobalt silicate species 

during TPR procedure. Those species can be easily formed between the hydroxides of SiO2, 

possibly present on the surface, and water ligands of metal salts during catalyst preparation, these 

can remain on the catalyst after calcination, and are hardly reducible at low temperatures but are 

undetectable by XRD [130]. Higher shift is obvious for samples prepared by suspension method 

and samples with Co3O4active phase. The prepared catalysts (foam catalysts) have the following 

order of the first Tmax : Co4MnAlOx./SiC - w.i < Co4MnAlOx/SiC - s.m. < Co3O4/SiC - w.i. < 

Co3O4/SiC - s.m., however the differences are only gentle.  

 5.4.2 Results of N2O decomposition catalytic tests 

The temperature dependences of N2O conversion in inert atmosphere over cobalt mixed oxides 

deposited on SiC foams by different methods are shown in Fig. 27 a) and catalytic activity of active 

phase in grain form prepared from parent solution (bulk samples) is shown in Fig 27 b).  

a) b) 
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In bulk samples, the samples prepared from hydroxide or hydrotalcite precursors (solutions for 

suspension method) show higher activity compared to those prepared from nitrates (solutions for 

wet impregnation). This is in good agreement with characterization results and our previous work, 

in which it was found out that using nitrates precursors for the preparation of cobalt oxides led to 

increase in crystallite size corresponding to their worse reducibility, lower specific surface areas of 

catalysts and decrease in Co and Mn oxidation state and lower catalytic activity. The same finding 

was also confirmed in work [13]. Independently of different composition, the samples containing 

Co3O4 revealed only slightly higher conversion of N2O in comparison with Co4MnAlOx mixed 

oxide. 

Conversion order changed after active phase deposition. For samples deposited on SiC foam, both 

samples containing Co4MnAlOx mixed oxide revealed higher conversion of N2O than those 

containing Co3O4. Moreover, the differences between conversions of all foam coated samples are 

smaller (29 % of absolute conversion) than differences in conversion of bulk samples (60 % of 

absolute conversion). It means that deposition procedure induced some changes responsible for the 

change of deN2O catalyst activity.  

Since the active layer's thickness is lower than the size of grains used for measurement of bulk 

samples, we suppose that in the foam samples there are no internal diffusion effects and activity 

change caused by the deposition procedure must have another reasons. The two main possible 

reasons are (i) interaction of active phase with support material and (ii) effect of geometrical 

re/arrangement of the active phase, which is related with different density of catalyst layers in 

cobalt spinel. Both of these reasons can change the reducibility of the resulting active phase, which 

was proven by TPR-H2 and in turn influence catalytic activity. From the obtained characterization, 

as well as catalytic activity results, it can be concluded that Co4MnAlOx active phase is more 

resistant against negative interaction with SiC phase and thus against decrease of its reducibility.  

As for the comparison of the two methods in unsupported grain form, it was shown that suspension 

method produces active phase with higher surface areas and sites with better reducibility. Both of 

these factors contribute to higher N2O conversions. On the other hand, the reducibility of active 

phase prepared by suspension method after deposition on the SiC foams was greatly worsened in 

comparison to samples prepared by impregnation method. Moreover, these samples are susceptible 

to the mechanical deterioration, since the deposited layer is much more cracked than a layer 

deposited by impregnation method. 
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Figure 27: Temperature dependence of N2O conversions over prepared catalysts. a) 

Co3O4 or Co4MnAlOx mixed oxides deposited on the SiC foam by different methods. Conditions: 

1000 ppm N2O in N2, GHSV = 3000 m
3
m

3
bedh

-1
. b) Co3O4 or Co4MnAlOx in grain forms (from 

parent solution). Conditions: 1000 ppm N2O in N2, GHSV = 60 l g
-1

 h
-1

. 

5.4.3 Summary 

Cobalt based mixed oxide active phase was deposited on SiC foams by two different methods: 

wet impregnation and suspension method. Spinel phase was the only phase identified in all 

prepared catalysts. The prepared catalysts containing the same type of active phase (Co3O4 or 

Co4MnAlOx) have the same chemical composition, but with different structural properties and 

morphology, which led to different catalytic activity. Both samples containing Co4MnAlOx mixed 

oxide revealed higher conversion of N2O than those containing Co3O4. Deposition of active phase 

from suspension solution led to (i) higher surface area of active phase; (ii) formation of thicker 

catalyst layer with uniform morphology; (iii) catalyst layer cracking, which can cause active phase 

loss during manipulation; (iv) higher catalytic activity in N2O decomposition. Deposition of active 

phase from nitrate solution by impregnation led to (i) lower surface area of active phase; (ii) 

formation of thin, smooth surface without cracks and partial pore blocking; (iii) lower catalytic 

activity of N2O decomposition in comparison with suspension method. 

 Despite the fact that suspension method led to higher catalytic activity, this method of preparation 

is complicated and will be more expensive in industry application in comparison to impregnation 

method. Also, worse adhesion of active phase to the support due to catalyst layer cracking make 

this method of deposition not suitable and not valuable for being used in industry. For this reason, 

we have turned our attention to the impregnation method. 
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 5.5 Co3O4-Cs deposited on different kinds of ceramic open-cell foams 

In this chapter cobalt active phase was deposited on the different kinds of open-cell ceramic 

foams. The aims of this chapter were: (i) comparison of different ceramic open-cell foams as a 

support for cobalt catalyst and (ii) evaluation of the effects of chemical composition of foam 

material on the deN2O catalytic activity of supported samples.  

5.5.1 Results of catalysts preparation and characterization 

The basic properties of the used ceramic foam supports and prepared samples are presented in 

Table 3 and Table 21. The used ceramic foams have the same pore density (10 ppi) but different 

chemical composition and in consequence various structural properties. Chemical composition and 

the resulting weight of the active layers related to the weight as well as to the volume of the 

obtained catalysts are given in Table 21. The theoretical content of cobalt on the ceramic foams and 

in the bulk Co3O4-Cs active phase obtained from parent solution (Co-Cs) is consistent with the 

AAS results. Determination of Cs content in foam samples is complicated, because cesium content 

is too small. The amount of cesium was verified in bulk active phase from parent solution and this 

result is consistent with theoretical values. 

Table 21: Results of catalysts preparation, chemical composition, mean coherence lengths 

and lattice parameters. 

Parameters 
Co-Cs/ 

Al-Si 

Co-Cs/ 

Zr-Mg-Al 

Co-Cs/ 

SiC-Al 

Co-Cs 

(from parent 

solution) 

Active phase Co3O4 with 1 wt. % of Cs 

SBET of foam support a, m2/g 0.7 0.8 1.1 - 

Porosity of ceramic body b, % 33 16 21 - 

Density of ceramic body b, g/cm3 2.35 4.65 2.35 - 

Average pore diameter of foam 

material, μmc 
1.6 1.9 2.9 - 

Co3O4-Cs, wt.% 5.4 4.5 6.8 100 

SBET of catalyst a, m2/g 1.4 1.3 2.2 3 

Co3O4-Cs in 1 ml of sample, g/ml 0.026 0.040 0.025 - 

Theoretical content of Cod, wt.% 4.0 3.3 4.9 72 

Theoretical content of Csd, wt.% 0.05 0.04 0.07 1 

Measured content of Coe, wt.% 4.1 2.9 6.0 67 

Measured content of Cse, wt.% - - - 0.6 

Lcf, nm 51 27 43 54 

af, nm 0.8083 0.8082 0.8083 0.8073 
a BET analysis 
b declared by producer 
c Mercury porosimetry 
d theoretical value calculated from preparation procedure 
e chemical composition from AAS measurement 
f from XRD measurement  
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The amount of deposited active phase differs depending on the used support, however in relation to 

the catalyst volume, the Al-Si and SiC-Al samples contained equal amounts of Co3O4-Cs while Zr-

Mg-Al contained an amount which was 2/3 higher. Since the concentration of impregnation 

solutions was the same for all three samples and the same pore density (10 ppi) was used, the main 

reason for this should be the different structural propertiesof the support, and the difference in 

adsorption isotherms which describes the binding of the precursor onto the support surface [131]. 

 

Figure 28: Powder XRD patterns of the prepared catalysts with Co3O4-Cs deposited on 

ceramic foam supports. S - Co3O2 (spinel-type oxide), + - Cordierit ((Mg)2Al3(AlSi5)O18), ♦ - 

Mullite (Al2O3-SiO2), * - Corundum (Al2O3), ◊ - Quartz (SiO2), ▼- Cristobalite (SiO2), ● - SiC, ■ - 

Baddeleyite (ZrO2), □ - Tazheranit ((Zr0.6,Ti0.3,Ca0.1)O2). 

Powder XRD patterns of the prepared catalysts are depicted in Fig. 28. During calcination in the 

air, Co(NO3)2 was transformed into Co3O4 oxide (ICDD,PDF-2 #00-043-1003); this spinel phase 

was detected in all samples. Corundum, mullite and cordierite phase were detected for Al-Si 

ceramic foam; baddeleyite and tazheranit phases were detected for Zr-Mg-Al ceramic foam; quartz, 

crislobolite and SiC phases were detected for SiC-Al ceramic foam. The mean coherence lengths 

Lc corresponding approximately to crystallite size were determined from half-width of peak S 

(311) using Scherrer’s equation. The mean coherence lengths Lc and the unit cells parameters a for 

active phase obtained from parent solution and active phases deposited on the ceramic foams are 

summarized in Table 21. Cell parameters a are similar for all samples, but Lc values are different. 

Grain samples and samples deposited on the Al-Si foam have similar Lc values, which are also the 

highest. The sample deposited on the SiC-Al has a slightly lower value of Lc and the sample 

deposited on the Zr-Mg-Al has a two times lower Lc value in comparison with pure bulk Co-Cs 
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and Co-Cs/Al-Si. These differences show us that active phase Co3O4-Cs deposited on the Zr-Mg-Al 

and SiC-Al could be affected by support material during preparation procedure. 

Pore size distribution of the used ceramic material was determined by mercury porosimetry (Fig. 

29). All samples predominantly contain macropores with average size of 1.6, 1.9 and 2.9 μm for 

Al-Si, Zr-Mg-Al and SiC-Al, respectively (Table 21). The big size of foam material pores (macro 

size) leads to no effect of internal diffusion limitation inside the foam material. SiC-Al foam 

material also contains some pores with a smaller pore size (< 1μm) in contrast with the other two 

samples, which could lead to higher specific surface area of this material.   

Nitrogen adsorption measurements were performed on the pure foam material and on the samples 

with Co3O4-Cs deposited on the ceramic foams to evaluate the specific surface of the pure supports 

and supported catalysts (Table 21). From these results we can see that all of these foam materials 

have low values of surface area due to their low porosity. After deposition of active phase on the 

ceramic foams, the order of surface area values was the same. The sample deposited on the SiC-Al 

foam had the highest surface area, while Co-Cs/Al-Si, Co-Cs/Zr-Mg-Al had comparable values of 

SBET. Deposition of active phase on the ceramic supports did not significantly change catalyst 

surface area due to the small amount of catalyst that was used (4.5-6.8 wt. %) and low surface area 

of puree Co3O4. 

 

Figure 29: Pore size distribution of the different kind of ceramic foam material. 
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Co-Cs/Al-Si Co-Cs/Zr-Mg-Al Co-Cs/SiC-Al 

   

   

   

   

Figure 30: Micrographs of Co3O4-Cs deposited on different ceramic foam supports at 

different magnifications.  

Morphology of cobalt mixed oxides deposited on different foams was studied by scanning electron 

microscopy. Micrographs of the prepared catalysts are shown in Fig. 30. The deposition of active 

phase by impregnation led to the formation of a discontinuous layer, which was placed on the 
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geometric surface of the foams as well as in the inner parts of the foam bodies (see Fig. 30, 

sectional view). The cobalt species on the images with back-scatter electron detector are in white 

color in the case of Al-Si and SiC-Al-Si supports due to higher atomic number Z of Co in 

comparison to other elements contained in the foam material. In the case of Zr-Mg-Al foam, Zr 

from foam material has higher atomic number Z and it impedes to detect active phase by color on 

the foam surface and inside foam materials. Therefore the content of cobalt in pores in the inner 

parts of the Zr-Mg-Al foam body was confirmed by EDS elementary mapping (Fig. 31). 

Deposited active phase is presented as an aggregate, or: Deposited active phases are presented as 

aggregates of Co3O4-Cs nanocrystals; average size of these cobalt aggregates is 410 nm for all 

samples. These Co-aggregates have different arrangements on the studied foam supports. In the 

case of the sample on the Al-Si foam, aggregates of cobalt are evenly distributed over the entire 

surface of the foam; the amount of Co3O4-Cs is so small that it does not allow the formation of a 

layer on the surface of the support. Big islands of Co-aggregates and randomly distributed small 

particles of Co-aggregates were detected in the case of Co3O4-Cs on the SiC-Al support. 

Coalescence of Co-aggregates to bigger formations leads to worse dispersion of the active phase on 

the support surface and to the formation of unequal catalyst layers. 

Co-Cs/Zr-Mg-Al 

    

Figure 31: EDS mapping of Zr,Co and Cs in Co3O4-Cs deposited on the Zr-Mg-Al foam, 

sectional view. Magnitude 200x. 

Distribution of Co and Cs elements on the support surfaces was also studied by EDS elementary 

mapping (Fig. 32). The sample deposited on the Al-Si foam has the most homogeneous coating 

with cobalt and cesium in comparison to the other two samples. Also from these results we can see 

good and homogeneous dispersion of cesium on the support surface of all samples, which points to 

the fact that part of the cesium atoms are placed on the support surface without contact with cobalt 

species. 
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Co-Cs/SiC-Al 

    

Co-Cs/Zr-Mg-Al 

    

Co-Cs/Al-Si 

   

Figure 32: EDS maps of Co3O4/Cs deposited on different foams. Magnitude 5000x. 

The IR spectra of the prepared catalysts are shown in Fig. 33. In the spectra of all samples, two 

main bands (F1u
(1)

 and F1u
(2)

), which correspond to Co3O4 octahedral lattice vibrations [132] [116] 

in spinel structure, were detected. Other visible bands belong to the ceramic foam components. 

Vibrational band corresponding to Al–O stretching were observed at 454 and 590 cm
−1

. The band 

at 522 cm
−1

 corresponds to the vibrations from stretching the Si-O-Al bonds. The bands around 490 

and at 650 cm
-1

 correspond to Si–O band [133]. Presence of bands belonging to the foam material 

in the same region as the cobalt bands prevents evaluation of the exact position of Co-O vibrations 

in the samples. 
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Figure 33: IR spectra of the prepared catalysts with Co3O4-Cs deposited on different 

ceramic foam supports. 

 

Figure 34: Raman spectra of the prepared catalysts with Co3O4-Cs deposited on different 

ceramic foam supports. 

Raman spectra of the prepared catalysts in selected spectral region 950 – 100 cm
-1

 are shown in 

Fig. 34; positions of Raman bands together with values for Co3O4-Cs obtained from parent solution 
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are summarized in Table 22. The same modes as in spectrum of Co3O4-Cs are present in the spectra 

of supported catalysts: the A1g mode is attributed to the octahedral sites in O7h symmetry, whereas 

F2g and Eg modes combine the vibration of tetrahedral and octahedral sites [116]. For Co-Cs/Al-Si 

catalyst the bands at 377 and 414 cm
-1

, corresponding to corundum (Al2O3) [134], were also 

detected. In the case of sample Co-Cs/Zr-Mg-Al modes attributed to Co-O vibrations are not 

clearly visible due to lower crystallinity of Co3O4-Cs deposited on the Zr-Mg-Al support and high 

intensity of bans attributed to vibrations in foam material. Just one mode A1g (685 cm
-1

) was 

detected for Co3O4 spinel and another part of Raman spectra is identical with pure Zr-Mg-Al foam 

material (not shown). 

Table 22: Results of Raman spectroscopy of the Co3O4-Cs deposited on different ceramic foam 

supports. 

Samples/Raman bands A1g F2g
(1) F2g

(2) Eg F2g
(3) 

Co-Cs/Al-Si 686 614 521 477 191 

Co-Cs/Zr-Mg-Al 685 - - - - 

Co-Cs/SiC-Al 684 609 514 476 189 

Co3O4-Cs 681 617 519 475 192 

 

TPR-H2 was used to characterize the reducibility of prepared catalysts TPR reflects changes in 

electronic properties of material and these also influence its catalytic activity. TPR-H2 data of 

studied catalysts are summarized in Table 23. Consumption of H2 was recalculated on the amount 

of active phase in the catalyst. For comparison, reducibility of active phase prepared from parent 

impregnation solution (Co3O4-Cs) was also measured. The presence of alkali metals in the samples 

does not allow performing TPR analysis at higher temperatures, due to alkali metals evaporation. 

TPR-H2 was performed (in temperature region) within the temperature range of 20-450 °C and at 

the 450 °C measurement was isotherm for 40 minutes. This type of measurement allows us to 

obtain information about all the reducible components which are active at a reaction temperature of 

450 °C. From TPR profiles obtained over grained samples (Fig. 35) we can see that the reduction 

of Co3O4-Cs proceeded in two separated steps with its maximum at 337 and 450 °C. These 

maximums can be ascribed to the reduction of Co
3+

 → Co
2+

 followed by Co
2+

 → Co
0
 in 

Co3O4 phase [21]. The shape of reduction profiles of the supported samples differ remarkably from 

the profile of unsupported Co-Cs. The peaks of Co-Cs deposited on the Al-Si and SiC-Al are 

narrower and are coincided into one peak with shoulder at lower temperatures. The low 

temperature shoulder of Co-Cs/Si-Al has its maxima at a similar temperature as low temperature 

peak of the Co-Cs, however the second maximum of Co-Cs is shifted to much higher temperatures. 

The Co-Cs/SiC-Al maximum is shifted to a higher temperature in comparison to Co-Cs/Si-Al. 

Co3O4 deposited on the Zr-Mg-Al support has its first maximum in the same position as bulk 
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Co3O4-Cs, while its second maximum is shifted to a higher temperature and could not be detected 

in the used temperature range 20-450°C.  

 

Figure 35: TPR-H2 profiles of the Co3O4-Cs deposited on different ceramic foam supports. 

 

This can be interpreted as an effect of chemical interaction of Co3O4 phase with support and of 

active phase dispersion. The dispersion of Co3O4 can influence diffusion limitation during TPR 

measurements, which means that the phase covering surface in a thin layer will be reducible more 

easily than the bulk phase. The dispersion of Cs species over Co3O4 and/or the pure support (places 

which are not covered by Co3O4) influence the interaction of Cs with Co3O4, thereby changing the 

working ratio of Cs:Co3O4 in spite of maintaining the same weight % of these species in 

comparison with unsupported sample. The effect of cesium content in Co3O4 on reducibility was 

studied by Pasha [21]. The presence of Cs caused a shift in the first reduction peak towards lower 

temperature and this position did not alter significantly with increasing Cs content. However, with 

an increase in Cs content, a shift of high temperature reduction peak to higher temperatures was 

observed. A similar trend was also published for other alkali promoters [15]. For that reason, it can 

be supposed that due to deposition of Co3O4-Cs on the support, the distribution of Cs over 

Co3O4 changed and there can exist a different Co3O4 : Cs ratio than in unsupported samples.  

Another explanation of the changes in the reducibility of Co3O4 after deposition on the support via 

chemical interaction of active phase with support material is also possible. In the case of samples 

deposited on the Al-Si support, we can assume that deposition of cobalt species with support 

doesn’t reduce active phase reducibility, despite the alumina content in foam material, which 
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usually led to the creation of hardly reducible cobalt-aluminates [28]. Alumina species in foam 

material are presented as corrundum and mullite phases, which in this case did not affect the 

reducibility of cobalt active phase. In the case of Co3O4 deposited on the SiC-Al, shifting the 

maximum to a higher temperatures could be explained by worse distribution of cobalt species, as 

well as by the interaction between cobalt components with a possible presence of SiO2 on SiC-Al 

surface [130]. In the case of Co3O4 deposited on the Zr-Mg-Al, shifting of the second maximum to 

higher temperatures could be explained by the interaction of cobalt species with Zr [120] and Mg 

[135] components contained in foam material. 

Table 23: TPR-H2 results of prepared catalysts. 

Catalyst 
Tmax 

(°C) 

Consumption of H2 

(mmol.gCo3O4-Cs
-1) 

Co-Cs/Al-Si 379 20 

Co-Cs/Zr-Mg-Al 335, 365 12 

Co-Cs/SiC-Al 415 35 

Co-Cs * 337, 450 21 

* from parent solution 

TPR profiles clearly indicate that deposition of Co3O4 on various supports significantly affect the 

reducibility i.e. bond strength of Co
3+

 as well as Co
2+

 with oxygen. The amount of reducible species 

in temperature range 20-450 °C expressed as mmol of H2 related to the mass of active layer 

(Cs/Co3O4) is shown in Table 23. In order to compare changes in the amount of reducible species 

present in the sample after deposition, since each sample has a different amount of deposited active 

layer. The value for powder prepared from parent solution is also given. It is obvious that the Co-

Cs/Al-Si sample has the same amount of these species, the Co-Cs/Zr-Mg-Al possesses almost one 

half of such a species and Co-Cs/SiC-Al-Si seems to have a much greater amount of them. In order 

to explain such behavior, the TPR H2 was also done over pure foams without deposited active layer 

(not shown) and it was found out that the foam itself is non reducible under the studied conditions, 

which means that there should be another reason for such high hydrogen consumption. The TPR 

procedure was thus repeated with connected Quadrupole MS in order to detect off gases from TPR 

measurement, since the Autochem II (Micromeritics) used a TCD detector, which cannot recognize 

mixtures containing more than two components. In the case of Co-Cs/SiC-Al-Si, these 

measurements confirmed the presence of other species than hydrogen in the outlet, probably from 

CO2 originated from carbonaceous species from the foam. This finding, i.e. the inconvenience of 

measurement of some samples by Autochem II, made it impossible to use the measured value of 

reducible species for Co-Cs/SiC-Al samples for comparison with other samples. 
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5.5.2 Results of N2O decomposition catalytic test 

The temperature dependences of N2O conversion in inert atmosphere over cobalt mixed oxides 

deposited on the different kind of ceramic foams are shown in Fig. 36. Conversions follow the 

order: Co-Cs/Zr-Mg-Al ≥ Co-Cs/Al-Si > Co-Cs/SiC-Al.   

 

Figure 36: Temperature dependence of N2O conversion over Co3O4-Cs deposited on the 

different kind of ceramic foam. Conditions: 1000 ppm N2O in N2, GHSV = 1500 h
-1

. 

Since the supported catalysts have different Co3O4 loadings, non-identical concentration of the 

active phase in the catalysts was overcome by comparing specific rate constants (related to the unit 

of active phase) calculated according to: 

𝑘𝑓𝑜𝑎𝑚 = ln (
1

1−𝑋𝑁2𝑂
) /

𝑤𝑎𝑐𝑡𝑖𝑣𝑒 𝑝ℎ𝑎𝑠𝑒

�̇�
                  (38) 

To evaluate how different supports influenced the catalytic properties of active cobalt species, 

grains of Co3O4-Cs obtained from parent solution catalysts were tested for N2O decomposition and 

were compared with supported catalysts by specific rate constants. Temperature dependence of 

specific rate constants of studied catalysts is presented on the Fig. 37. All supported samples have 

lower specific rate constants than bulk Co3O4-Cs and follow the order: Co-Cs > Co-Cs/Al-Si > Co-

Cs/Zr-Mg-Al > Co-Cs/SiC. The sample deposited on the Al-Si ceramic foam has the highest 

specific rate constant from all supported samples and just a slightly lower rate constant than 

unsupported Co3O4-Cs.  

Decreasing catalytic activity expressed as the specific rate constant of Co3O4 on the SiC-Al and Zr-

Mg-Al supports in comparison to active phase deposited on the Al-Si support could be related to 
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worse dispersion of active phase on these supports and interaction of active phase with support 

material, which led to worse reducibility. Co3O4-Cs deposited on the Al-Si ceramic foam has good 

dispersion on the foam surface, and interaction between active phase and support material was not 

detected. For these reasons, the difference in the catalytic activity of unsupported Co3O4-Cs and 

Co-Cs/Al-Si could be connected with the dispersion of Cs species over pure support (places which 

are not covered by Co3O4), thereby changing the working ratio of Cs:Co3O4 in spite of maintaining 

the same weight % of these species in comparison with unsupported samples, thus leading to 

changes in reducibility. The influence of alkali metals on reducibility and catalytic activity of 

cobalt oxides and their optimal amount were studied in a lot of works [15, 16, 24, 51], especially 

their influence on the activity of unsupported catalysts in powder form. Promotion of cobalt based 

catalysts by cesium has a strong beneficial effect on deN2O activity; however, the range of optimal 

cesium loading is rather narrow [136, 137].  

 

Figure 37: Temperature dependence of specific rate constant over Co3O4-Cs deposited on 

the different kind of ceramic foam. 

 

5.5.3 Summary 

Active phase Co3O4-Cs deposited on the SiC-Al and Zr-Mg-Al supports showed lower 

specific rate constant in comparison to active phase deposited on the Al-Si support. It could be 

related to worse dispersion of active phase on these supports and interaction of active phase with 

support material, which led to worse reducibility. Deposition of Co3O4-Cs on the Al-Si ceramic 

foam did not significantly reduce the catalytic activity of active phase and difference in the 

catalytic activity of unsupported Co3O4-Cs and Co-Cs/Al-Si could also be connected with changes 
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of the working ratio of Cs:Co3O4 in comparison with unsupported sample and changes in 

reducibility. Al-Si ceramic foam was recognized as the most suitable foam support and was chosen 

for further investigation. 

5.6 Co3O4-Cs and Co4MnAlOx-K deposited on Al-Si open-cell foams with 

different numbers of catalyst layers 

In this chapter, two types of cobalt mixed oxides with alkali metal promoters, Co3O4-Cs and 

Co4MnAlOx-K, were deposited on ceramic open-cell foams with different numbers of active phase 

deposition. The aims of this chapter were: (i) to make a comparison of two cobalt based active 

phases (Co3O4-Cs and Co4MnAlOx-K) deposited on the ceramic foam for N2O decomposition; (ii) 

to determine the optimal amount of active phase on the foam support.  

5.6.1 Co3O4-Cs deposited on Al-Si open-cell foams with different numbers of catalyst 

layers 

Results of catalyst preparation and characterization 

Chemical composition and amount of active phase Co3O4 deposited on the foam are shown in 

Table 24. The amount of active phase increased with the increasing number of deposited layers. 

The theoretical content of cobalt on the ceramic foams and in the bulk Co3O4-Cs active phase 

obtained from parent solution (Co-Cs) is consistent with the AAS results. Determination of Cs 

content in foam samples is complicated due to the fact that cesium content is too low. The amount 

of cesium was verified in bulk active phase from parent solution and this result is consistent with 

the theoretical value. 

Table 24: Results of catalyst preparation, chemical composition, mean coherence lengths 

and lattice parameters. 

Parameters 
Co-Cs/ 

Al-Si_1 

Co-Cs/ 

Al-Si_2 

Co-Cs/ 

Al-Si_3 

Co-Cs/ 

Al-Si_2 

Co-Cs/ 

Al-Si_5 

Co-Cs 

(parent 

solution) 

Active phase Co3O4 with 1wt.% of Cs 

Number of catalyst layers 1 2 3 4 5 - 

Co3O4-Cs, wt.% 5.4 10.7 14.8 19.5 24.2 100 

Theoretical content of Coa, wt.% 4.0 7.8 10.8 14.2 17.7 73 

Theoretical content of Csa, wt.% 0.05 0.11 0.14 0.19 0.24 1 

Measured content of Cob, wt.% 4.1 7.5 11.6 13.6 19.6 67 

Measured content of Csb, wt.% n.d. n.d. n.d. n.d. n.d. 0.6 

Lcc, nm 51 53 51 53 50 54 

ac, nm 0.8083 0.8094 0.8094 0.8093 0.8094 0.8073 
a theoretical value 
b chemical composition from AAS measuremenr 
c from XRD measurement 
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Powder XRD patterns of the prepared catalysts are depicted in Figure 38. Spinel phase was 

detected in all samples. The phase composition of Al-Si ceramic foam corresponds to corundum, 

mullite and cordierite. Mean coherence lengths Lc corresponding approximately to crystallite size 

were determined from half-width of peak S (311) using Scherrer’s equation. Mean coherence 

lengths Lc and the unit cells parameters a for active phase obtained from parent solution and active 

phases deposited on the Al-Si foams are summarized in Table 24. Values of crystallite size and cell 

parameters are comparable for all samples. 

 

Figure 38: Powder XRD patterns of prepared catalysts with Co3O4-Cs deposited on Al-Si 

ceramic foam supports. S - Co3O4 (spinel-type oxide), + - Cordierit ((Mg)2Al3(AlSi5)O18), ♦ - 

Mullite (Al2O3-SiO2), * - Corundum (Al2O3). 

Nitrogen adsorption measurements were performed on the foams with a different number of 

catalyst layers and on the pure ceramic foam to evaluate the effect of the amount of active phases 

on the catalyst specific surface area (Table 25). For this experiment, Co3O4-Cs deposited on the 

foams of small size (8 mm x 20 mm) by equal procedure were prepared. From these results, we can 

see that the prepared catalysts are characterized by low porosity and low values of surface area. 

BET surface area of pure foam is smaller in comparison to samples with deposited active phase. 

Surface area values of samples with three or more catalyst layers are comparable and lower than 

surface area values of foams with one or two catalyst layers. This fact can point to better dispersion 

of active phase on the foam support in samples with smaller numbers of active layers, which led to 

higher surface area of catalysts. Pore size distribution was determind by mercury porosimetry on 
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samples with one, three and five catalyst layers, and supported catalysts were compared with pure 

foam. From these results (Table 25 and Fig. 39) we can see that all samples predominantly contain 

macropores and their volume decreases with the number of deposited catalyst layers due to pore 

filling by active phase. Samples containing active phase also have some pores in pore size region < 

0.5 μm in contrast to pure foam samples. This pore distribution in the small size pore region could 

be attributed to active phase.  

Table 25: BET surface area and pore size of Co3O4-Cs deposited on the ceramic foam with 

different numbers of catalyst layers. 

 
Co-Cs/ 

Al-Si_1 

Co-Cs/ 

Al-Si_2 

Co-Cs/ 

Al-Si_3 

Co-Cs/ 

Al-Si_4 

Co-Cs/ 

Al-Si_5 

Pure foam 

Al-Si 

SBET
d

, m
2
.g

-1 1.4 1.2 0.9 0.8 0.9 0.5 

D, μma 1.6 n.d. 1.6 n.d. 1.3 1.6 
a 

From mercury porosimetry 

 

 

Figure 39: Pore size distribution of Co3O4-Cs deposited on the Al-Si ceramic foam with 

different numbers of catalyst layers. 
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Co-Cs/Al-Si_5  Co-Cs/Al-Si_3  Co-Cs/Al-Si_1  

   

   

   

   

Figure 40: Micrographs (SEM) of Co3O4-Cs deposited on ceramic foams with 1, 3 and 5 

catalysts layers taken at different magnifications. 

The morphology and dispersion of cobalt oxides deposited on the Al-Si foams with one, three and 

five catalysts layers was studied by scanning electron microscopy. Micrographs of foam samples 

taken at different magnifications are shown in Fig. 40. It was confirmed by microprobe analysis 

that cobalt species have white color are shown in white on micrographs, while gray species belong 

to the supports. From these results we can see that the intensity of surface coverage increases with 

the number of catalyst layers. Also, cobalt components can be seen inside the foam material on the 
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micrographs with sectional view. Deposited active phase is presented as aggregates of Co3O4-Cs 

nanocrystals; average size of these cobalt aggregates is 410 nm for all samples. These Co-

aggregates have different arrangements on the foam support, depending of the different numbers of 

catalyst layers. In the case of the sample with one catalyst layer, cobalt aggregates are evenly 

distributed over the entire surface of the foam; the amount of Co3O4-Cs is so low that it does not 

allow the formation of a layer on the surface of the support. In the case of the sample with three 

catalyst layers, the cobalt aggregates unite into larger clusters and form threads, which are evenly 

distributed over the surface but do not completely cover the foam support. This leads to worse 

dispersion of the active phase on the support surface and to the formation of an unequal catalyst 

layer whose thickness is approximately 3.2 µm. In the case of the sample with five catalyst layers, 

the cobalt aggregates create a layer whose thickness is 6.8 µm, which almost completely covers the 

foam surface. 

Results of EDS analyses of samples with one and with five catalyst layers are shown in Fig. 41. 

Differences in covering of the support surface by active phase in samples with different numbers of 

deposited catalyst layers were confirmed. We can see good and homogeneous dispersion of cesium 

on the support surface from these results as well. 

Co-Cs/Al-Si_1 

   

Co-Cs/Al-Si_5 

   

Figure 41: EDS maps of Co3O4-Cs deposited on the Al-Si ceramic foams. 

 

TPR-H2 results of Co3O4-Cs deposited on Al-Si ceramic foam were compared to the results of 

active phase obtained from parent solution (bulk). TPR-H2 profiles are depicted in Fig. 42, intensity 
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of TCD signal was recalculated to the amount of cobalt oxides in samples. Temperature maxima 

and H2 consumption are presented in Table 26. As can be seen in Fig. 42, there are two 

characteristic reduction peaks (334 °C, 450 °C) for unsupported Co3O4-Cs sample, which 

corresponds to the step-wise reduction of Co3+ to Co2+ and Co2+ to Co0 [138]. After deposition of 

Co3O4-Cs on the Al-Si ceramic support, reduction process was changed, two characteristic 

reduction peaks were coalesced to one peak with its shoulder at the lower temperatures and 

maxima are placed in temperature region between reduction of Co
3+

 to Co
2+

 and Co
2+

 to Co
0
 of an 

unsupported sample, which may be due to the different content of cesium in the supported samples. 

Part of the cesium can be deposited on the surface so it has no contact with the deposited cobalt 

species. The low temperature shoulder of Co-Cs/Si-Al_1 reaches its maxima at a similar 

temperature as the low temperature peak of the Co3O4-Cs in comparison to other samples, where 

TPR-profiles are shifted to higher temperatures. Temperature maxima of supported catalysts (Table 

26) are shifted to higher temperatures with an increasing number of deposited catalyst layers, 

except for catalyst with 3 layers; it has worse reducibility than catalyst with four layers. This result 

refers to the presence of internal diffusion in active phase due to worse availability of reducible 

species from previous layers; it is connected with the arrangement of active phase on the support. 

 

Figure 42: TPR-H2 profiles of Co3O4-Cs deposited on Al-Si ceramic foam with different 

numbers of catalyst layers and Co3O4-Cs active phase in powder form obtained from parent 

solution. 
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Table 26: TPR-H2 results of the Co3O4-Cs deposited on the ceramic foams. 

 
Co-Cs/ 

Al-Si_1 

Co-Cs/ 

Al-Si_2 

Co-Cs/ 

Al-Si_3 

Co-Cs/ 

Al-Si_4 

Co-Cs/ 

Al-Si_5 

Co-Cs 

(parent 

solution) 

Tmax, °C 379 383 431 416 435 334, 450 

H2 mmol/gCo3O4 20 17 23 20 15 21 

Results of N2O decomposition catalytic tests 

The temperature dependences of N2O conversion in inert atmosphere over cobalt mixed oxides 

deposited on Al-Si foams with different numbers of catalyst layers are shown in Fig. 43. 

Conversions follow the order: Co-Cs/Al-Si_1 > Co-Cs/Al-Si_5 > Co-Cs/Al-Si_2 = Co-Cs/Al-Si_4 

> Co-Cs/Al-Si_3. The conversions do not increase with the number of deposited catalyst layers 

(with the increasing amount of deposited active phase). Based on the characterization and catalytic 

results we can assume that each following catalyst layer reduces the availability of active sites in 

the previous layer. The sample with one catalyst layer has the highest amount of available active 

sites and the best reducibility properties due to good dispersion of active phase on the support 

surface. Catalytic activity of supported catalysts was compared with unsupported Co3O4-Cs 

obtained from parent solution by specific rate constants (related to the unit of active phase amount) 

calculated according to Eq.(38) to evaluate the utilization of cobalt species. 

 

Figure 43: Temperature dependence of N2O conversion over Co3O4-Cs deposited on Al-Si 

ceramic supports. Conditions: 1000 ppm N2O in N2, GHSV = 1500 h
-1
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Figure 44: Temperature dependence of specific rate constants of Co3O4-Cs deposited on 

the Al-Si ceramic foams and unsupported Co3O4-Cs. 

Specific rate constants of the studied catalysts are presented in Fig. 44. These results confirm that 

repeated application of the active layer in order to increase the amount of active phase in the 

catalyst leads to worse reducibility of the catalyst and reduction of active sites accessible in 

catalytic reaction. The sample with one catalyst layer has the highest specific rate constants and its 

measured vales are close to grain catalyst. The results show that deposition of one layer of Co3O4-

Cs on the Al-Si ceramic foam did not significantly reduce the catalytic activity of active phase. The 

differences in catalytic activity could be explained by different cesium contents, which is in contact 

with cobalt on the supported samples. 

5.6.2 Co4MnAlOx-K deposited on Al-Si open-cell foams with different numbers of 

catalysts layers 

Results of catalysts preparation and characterization 

Chemical composition and amount of active phase Co4MnAlOx-K deposited on the foam are shown 

in Table 27. Amount of active phase is increased with increasing number of active layers. The 

theoretical content of cobalt and manganese on the foams and in the bulk Co4MnAlOx-K (CoMnAl-

K) active phase obtained from parent solution is consistent with the AAS results. Determination of 

K content in foam sample is complicated due to too small potassium content. Amount of potassium 

was verified in bulk active phase from parent solution and this result is consistent with theoretical 

value. 
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Table 27: Results of catalysts preparation, chemical composition, mean coherence lengths 

and lattice parameters. 

Parameters 

CoMAl-

K/ 

Al-Si_1 

CoMAl-

K/ 

Al-Si_2 

CoMAl-

K/ 

Al-Si_3 

CoMAl-

K/ 

Al-Si_4 

CoMAl-

K/ 

Al-Si_5 

CoMAl-

Kd 

Active phase Co4MnAlOx with 2 wt.% of K 

Number of catalyst layers 1 2 3 4 5  

Co4MnAlOx -K, wt.% 5.4 10.6 13.9 18.5 20.6 100 

Theoretical content of Coa, wt.% 2.9 5.7 7.5 9.9 12.9 54 

Theoretical content of Ka, wt.% 0.12 0.21 0.28 0.37 0.41 2 

Theoretical content of Mna, wt.% 0.65 1.27 1.67 2.22 2.47 12 

Measurement content of Cob, wt.% 2.9 6.1 7.2 9.9 11.2 52 

Measurement of Kb, wt.% n.d. n.d. n.d. n.d. n.d. 1.9 

Measurement of Mnb, wt.% 0.54 1.06 1.39 1.85 2.06 15 

Lcc, nm 15 13 13 13 19 9 

ac, nm 0.8103 0.8125 0.8129 0.8124 0.8119 0.8096 
a theoretical value 
b chemical composition from AAS measurement 
c from XRD measurement 
d from parent solution 

 

Figure 45: Powder XRD patterns of the prepared catalysts with Co4MnAlOx-K deposited 

on Al-Si ceramic foam supports. S - Co4MnAlOx-K (spinel-type oxide), + - Cordierit 

((Mg)2Al3(AlSi5)O18), ♦ - Mullite (Al2O3-SiO2), * - Corundum (Al2O3). 

Powder XRD patterns of prepared catalysts are depicted in Fig. 45. During calcination in the air 

Co, Mn, Al and K nitrates were transformed into Co4MnAlOx oxide with spinel structure; spinel 

structure was detected in all samples. The phase composition of the Al-Si ceramic foam 

corresponds to corundum, mullite and cordierite. The mean coherence lengths Lc and the unit cells 

parameters a for active phase obtained from parent solutions and active phase deposited on the Al-
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Si foams are summarized in Table 27. Values of crystallite size of supported samples are 

comparable and slightly higher in comparison to bulk samples. Values of cell parameters are 

comparable for all samples. 

Pore size distribution was detected by mercury porosimetry on the samples with one, three and five 

catalyst layers and deposited catalysts were compared with pure foam. From these results (Fig. 46), 

we can see that, as well as for Co3O4-Cs foam samples, predominantly contain macropores and 

their volume decreased with number of deposited catalyst layers due to pore filling by active phase. 

Samples with active phase have also pores in pore size region < 0.8 μm in comparison to pure foam 

sample. This pore distribution in small size pore region could belong to active phase. Big size of 

pore of foam material ensures no hindering effect of internal diffusion to chemical reactions inside 

the foam material. 

 

Figure 46: Pore size distribution of Co4MnAlOx-K deposited on the Al-Si ceramic foam with 

different numbers of catalyst layers. 

The morphology and dispersion of cobalt oxides deposited on Al-Si foams with one, three and five 

catalysts layers was studied by scanning electron microscopy. Micrographs of foam samples taken 

at different magnifications are shown in Fig. 47. From these results, we can see that surface 

coverage intensity increases with the number of catalyst layers. Also, cobalt components can be 

detected inside the foam material on the micrographs with cut samples, similarly as in the case of 

samples with Co3O4-Cs. Active phase Co4MnAlOx has different morphology in comparison to 

Co3O4-Cs. Its structure is more amorphous, which is due to smaller crystallite size detected from 

XRD measurement. The catalyst layer of the sample with one deposition looks like spots of 

amorphous material evenly placed on the foam surface. The catalyst layer with three depositions of 

active phase is an uneven thin coating with clots of active phase in some places. Active phase with 
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five deposited layers is a continuous, thin, smooth layer. On the micrographs with cut we can see 

that this layer consists of separate layers, which could be connected by repeating the deposition 

procedure. The average thickness of the catalyst layer increases with the number of depositions and 

its values for CoMnAl-K/Al-Si_1, CoMnAl-K/Al-Si_3 and CoMnAl-K/Al-Si_5 are 1.2 µm, 

1.9 µm and 3.8 µm respectively. 

CoMnAl-K/Al-Si_5  CoMnAl-K/Al-Si_3  CoMnAl-K/Al-Si-1  

   

   

   

   

Figure 47: Micrographs (SEM) of Co4MnAlOx-K deposited on ceramic foams with 1, 3 and 5 

catalysts layers taken at different magnifications. 
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Results of EDS analysis of samples with one catalyst layer and with five catalyst layers are shown 

in Fig. 48. Differences in coverage of the support surface by active phase in samples with different 

number of deposited catalyst layers were confirmed. From these results, we can also see good and 

homogeneous dispersion of potassium on the support surface. 

CoMnAl-K/Al-Si_1 

   

CoMnAl-K/Al-Si_5 

   

Figure 48: EDS maps of Co4MnAlOx-K deposited on the Al-Si ceramic foams. 

TPR-H2 results of Co4MnAlOx-K on Al-Si foam deposited samples were compared to results of 

active phase obtained from parent solution (bulk). TPR-H2 profiles are depicted in Fig. 49; intensity 

of TCD signal was recalculated on amount of cobalt mixed oxides in samples. Temperature 

maxima and H2 consumption are presented in the Table 28. Temperature range of 220-450°C 

corresponds to the reduction of Co
3+

 → Co
2+

 and Co
2+

 → Co
0
 in segregated Co-enriched spinel of 

Co3O4 type [31, 32], reduction of Mn
4+

 to Mn
3+

 and Mn
3+

 to Mn
2+

 is also possible [37, 129]. Just 

like in the case of Co3O4-Cs, temperature maximums of supported catalysts (Table 28) shifted to 

higher temperatures with an increasing number of deposited catalyst layers. Samples with one and 

two catalyst layers have similar TPR-H2 profiles like unsupported Co4MnAlOx-K obtained from 

parent solution; this indicates that reducible components are not affected by deposition on Al-Si 

ceramic foam. Just samples with more than 3 catalyst layers have temperature maxima at a higher 

temperature range, in comparison to unsupported one due to worse availability of reducible 

ingredients from previous layers; this is connected with dispersion of active phase on the support.  
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Figure 49: TPR-H2 profiles of Co4MnAlOx-K deposited on Al-Si ceramic foams. 

Table 28: TPR-H2 results over Co4MnAlOx-K deposited on the Al-Si ceramic foam with 

different number of active layers. 

 
CoMnAl-

K/Al-Si_1 

CoMnAl-

K/Al-Si_2 

CoMnAl-

K/Al-Si_3 

CoMnAl-

K/Al-Si_4 

CoMnAl-

K/Al-Si_5 

CoMnAl-

K(parent 

solution) 

Tmax, °C 362 377 405 405 419 385 

H2 mmol/gCo4MnAlOx-K 11 10 9 11 12 10 

 

Results of N2O decomposition catalytic tests 

The temperature dependences of N2O conversion in inert atmosphere over Co4MnAlOx-K 

deposited on Al-Si foams with different numbers of catalyst layers are shown in Fig 50. The 

achieved conversions are similar for all samples and do not increase with the number of deposited 

catalyst layers – with increasing the amount of deposited active phase. Based on the 

characterization and catalytic results, we can assume that like in the case of Co3O4-Cs samples, 

each successive catalyst layer reduces the availability of active sites in the previous layer, which 

does not lead to increased catalytic activity. 
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Figure 50: Temperature dependence of N2O conversion over Co4MnAlOx-K deposited on 

Al-Si ceramic foam supports with different number of active phase deposition. Conditions: 1000 

ppm N2O in N2, GHSV = 1500 h
-1

. 

 

Figure 51: Temperature dependence of N2O specific rate constant over Co4MnAlOx-K 

deposited on Al-Si ceramic supports with different number of active phase deposition. 

To evaluate the utilization of cobalt species, catalytic activity of supported catalysts was compared 

with unsupported Co4MnAlOx-K obtained from parent solution by specific rate constant calculated 

by Eq. (38). Temperature dependence of rate constants of the studied catalysts is presented in the 

Fig. 51. These results confirm that repeated application of the active layer in order to increase the 

0

0.005

0.01

0.015

0.02

0.025

300 330 360 390 420 450

k
, 

m
3
g

C
o
4

M
n

A
lO

x
-K

-1
s-1

 

Temperature, °C 

CoMnAl-K/Al-Si_5
CoMnAl-K/Al-Si_4
CoMnAl-K/Al-Si_3
CoMnAl-K/Al-Si_2
CoMnAl-K/Al-Si_1
CoMnAl/K

0

10

20

30

40

50

60

70

80

90

100

300 330 360 390 420 450

C
o

n
v

er
si

o
n

s 
o

f 
N

2
O

, 
%

 

Temperature, °C 

CoMnAl-K/Al-Si_5

CoMnAl-K/Al-Si_4

CoMnAl-K/Al-Si_3

CoMnAl-K/Al-Si_2

CoMnAl-K/Al-Si_1



 

5. Results and Discussion 

93 

 

amount of active phase in the catalyst leads to reduction of active sites accessibility in catalytic 

reaction. These results confirm that repeated application of the active layer in order to increase the 

amount of active phase in the catalyst leads to a reduction of active sites accessibility in the 

catalytic reaction. Sample with one deposited layer and unsupported catalyst have similar specific 

activity values, except for a small difference at high temperatures. These differences in catalytic 

activity could be related to dispersion of K species over pure support (places which are not covered 

by Co4MnAlOx), thereby changing the working ratio of K:Co4MnAlOx in spite of maintaining the 

same weight % of these species in comparison with unsupported sample. The influence of this 

factor is not so significant and was not detected by TPR-H2 analysis. 

5.6.3 Summary 

Application of several active layers in order to increase the amount of active phase in the 

catalyst leads to the reduction of active sites accessibility in catalytic reaction and did not lead to an 

increase of catalytic activity in neither Co3O4-Cs nor Co4MnAlOx-K active phases. Samples with 

one catalyst layer have the highest specific rate constant and their values are close to grain 

catalysts. The results show that deposition of one layer of Co3O4-Cs and Co4MnAlOx-K on the Al-

Si ceramic foam did not significantly reduce the catalytic activity of active phase and differences in 

catalytic activity could be explained by different alkali contact with cobalt and ion management in 

the supported samples. The results of this work confirm that Co3O4-Cs and Co4MnAlOx-K 

deposited on open-cell ceramic foam as catalyst for N2O decomposition are a promising alternative 

to conventional fixed bed reactors. Just one thin catalyst layer is enough to achieve acceptable 

conversion, which ensures easy preparation and low content of expensive and environmentally 

harmful active components in the catalytic bed.  

Catalyst with Co3O4-Cs active phase has higher catalytic activity in comparison to sample with 

Co4MnAlOx-K and Co3O4-Cs active phase was chosen for future investigation. 

5.7 Co3O4-Cs deposited on Al-Si open-cell foams with different 

interlayers 

In this chapter, the active phase Co3O4 modified by Cs (demanded amount: 1 wt. % of Cs) was 

deposited on Al-Si foam already covered by different oxide interlayers (MgO from nitrates or 

carbonates, Mn2O3, SiO2 and TiO2). The main aim of interlayer deposition on the foam material 

was increasing of support surface area and thereby increasing catalytic activity of foam catalysts.
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5.7.1 Results of catalyst characterization 

Chemical composition and the resulting weight of the active layers and interlayers related to 

the weight of the obtained catalysts are presented in Table 29. The weight of the interlayers varies 

due to their different chemical composition and different methods of their preparation and 

deposition of the interlayer, which led to different structural properties. The amount of deposited 

active phase differs depending on the interlayer used, the main reason should be different structural 

properties of the interlayers, and the different adsorption isotherm which describes the binding of 

the precursor onto the interlayer surface [131]. The largest weight yield of active phase was 

achieved on the samples with MgO interlayers, while the lowest yield was obtained on the samples 

with SiO2 and TiO2 interlayers. The theoretical content of cobalt deposited on the ceramic foams is 

consistent with AAS results.  

Table 29: Results of catalyst preparation, chemical composition, mean coherence lengths 

and lattice parameters. 

Parameter 
Co-Cs/ 

Al-Si 

Co-Cs/ 

MgO-n/ 

Al-Si 

Co-Cs/ 

MgO-c/ 

Al-Si 

Co-Cs/ 

MnO2/ 

Al-Si 

Co-Cs/ 

TiO2/ 

Al-Si 

Co-Cs/ 

SiO2/ 

Al-Si 

Active phase Co3O4 with 1wt.% of Cs 

Interlayer, wt.% - 2.1 1.0 4.6 4.4 2.9 

Co3O4-Cs, wt.% 5.4 6.9 7.2 5.5 4.9 4.6 

SBET
a
, m

2
.g

-1 1.4 1.9 1.6 1.9 3.1 4.4 

Teoretical content of Cob, wt.% 4.0 5.14 5.3 4.2 3.6 3.6 

Teoretical content of Csb, wt.% 0.05 0.07 0.07 0.06 0.05 0.05 

Measured content of Coc, wt.% 4.1 6.0 5.6 4.2 3.7 3.6 

Lcd, nm 51 53 51 53 50 54 

ad, nm 0.8083 0.8094 0.8094 0.8093 0.8094 0.8073 
a BET analysis 

b teoretical value calculated from preparartion procedure 
c chemical composition from AAS measurement 
d from XRD measurement 

Nitrogen adsorption measurements were performed on samples with different interlayers to 

evaluate effect of interlayers on the specific surface area of the catalysts (Table 29). The highest 

surface area have samples with SiO2 and TiO2 interlayers, followed by samples with MgO and 

MnO2 interlayers, which have slightly higher surface area in comparison to sample without 

interlayer. From these results we can assume that interlayers SiO2 and TiO2 interlayers have a 

higher surface area in comparison to other interlayers, but despite this fact these samples have the 

smallest weight of active phase. This can be explained by worse adhesion of nitrate precursor to the 

interlayers and/or wore water absorbability of these materials. A similar phenomenon with 

TiO2 support material has already been discussed in the chapter 5.3: Co3O4 deposited on different 

kinds of pelletized supports. 

Powder XRD patterns of the prepared catalysts are depicted in Figure 52. During calcination in the 

air Co(NO3)2 was transformed into Co3O4 oxide (ICDD,PDF-2 #00-043-1003); this spinel phase 
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was detected in all samples. Corundum, mullite and cordierite phase were detected for Al-Si 

ceramic foam. Pyrolusite phase was identified together with Co3O4 in the samples with 

MnO2 interlayers. Interlayer phases in other samples were not detected in the XRD pattern due to 

small content in the sample and/or amorphous structure. Mean coherence lengths Lc corresponding 

approximately to crystallite size were determined from half-width of the peak S (311) using 

Scherrer’s equation. Mean coherence lengths Lc and the unit cell parameters a for active phase 

obtained from parent solution and active phases deposited on the ceramic foams are summarized in 

Table 30. Cell parameters a and Lc values are similar for all samples.  

 

Figure 52: Powder XRD patterns of the prepared catalysts with Co3O4-Cs and different 

interlayers deposited on Al-Si ceramic foam supports. S - Co3O4 (spinel-type oxide), + - Cordierit 

((Mg)2Al3(AlSi5)O18), ♦ - Mullite (Al2O3-SiO2), * - Corundum (Al2O3), ▼ - Pyrolusite (MnO2). 

The morphology of mixed oxides deposited on Al-Si foams with different interlayers was studied 

by scanning electron microscopy. Micrographs and EDS maps of the prepared catalysts are shown 

in Fig. 53. Sites with high cobalt content in the images with back-scatter electron detector are 

shown in white, color due to a higher atomic number Z in comparison to other elements contained 

in foam material and in interlayers. Deposition of interlayers did not lead to better distribution of 

active phase in comparison with sample without interlayer (Fig. 30). On the surface of all samples, 

big islands of Co-aggregates and randomly distributed small particles of Co-aggregates were 

detected.  
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Co-Cs/MnO2/Al-Si 

    

    
Figure 53: Micrographs and EDS maps of Co3O4-Cs deposited on Al-Si ceramic foam with 

different interlayers. 
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Figure 53: Micrographs and EDS maps of Co3O4-Cs deposited on Al-Si ceramic foam with 

different interlayers. 

The morphology and arrangement of used interlayers are different. Interlayer of MgO from 

carbonate precursor is not homogeneous, parts with thick layer and separated islands of MgO were 

detected. The part with high content of MgO is represented as a thick layer (max thickness 30 μm) 

with cracks and has high content of cobalt species; this is confirmed by the intensity of white color 

of cobalt species in this part on the surface. Layers of MgO and MnO2 prepared from nitrate 

solution are not visible on the micrographs due to their thinness, but from EDS maps we can see 

that dispersion of Mg and Mn elements on the foam surface is not homogeneous. TiO2 interlayer 

covers the whole foam surface and represents itself as an uniform layer with cracks. Representation 

of SiO2 interlayer is difficult to determine, due to the thinness of the layer, but from obtained EDS 

maps we can assume that SiO2 forms a thin uniform layer, which covers the whole foam surface. 
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From EDS maps results we can also see good dispersion of cesium on the support surface on all of 

the samples, which point to the fact that part of the cesium atoms are placed on the support surface 

without contact with cobalt species. 

The IR spectra of the prepared catalysts are shown in Fig. 54. In the spectra of all samples, two 

main bands (F1u
(1)

 and F1u
(2)

), which correspond to Co3O4 octahedral lattice vibrations [132] [116] 

in spinel structure, were detected. Other bands belong to the ceramic foam components. Bands 

belonging to interlayers were not detected due to their small amount in the sample. 

 

Figure 54: IR spectra of the prepared catalysts with Co3O4-Cs and different interlayers 

deposited on ceramic foam supports. 

Raman spectra of the prepared catalysts in selected spectral region 950 – 100 cm
-1

 are shown in 

Fig. 55; positions of Raman bands together with values for Co3O4-Cs obtained from parent solution 

and sample without interlayer are summarized in Table 30. The same modes as in the spectrum of 

Co3O4-Cs are present in the spectra of supported catalysts: the A1g mode is attributed to the 

octahedral sites in O7h symmetry, whereas F2g and Eg modes combine the vibration of tetrahedral 

and octahedral sites [116]. For Co-Cs/TiO2/Al-Si catalyst, the band at 144 cm
-1

, corresponding to 

anatase (TiO2) [117] and for supported catalyst the bands at 377 and 414 cm
-1

, corresponding to 

corundum (Al2O3) [134], were also detected. The position of some bands in Raman spectra of 

catalysts contained Mg and Mn elements in interlayer slightly differ from those of Co3O4. 
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Especially the position of A1g band, which indicates that local Co coordination in the spinel 

structure, could be affected by the interlayer.  

 

Figure 55: Raman spectra of prepared catalysts with Co3O4-Cs and different interlayers 

deposited on Al-Si ceramic foam supports. 

Table 30: Results of Raman spectroscopy of prepared catalysts with Co3O4-Cs and 

different interlayers deposited on Al-Si ceramic foam supports. 

Samples/Raman bands A1g F2g
(1) F2g

(2) Eg F2g
(3) 

Co-Cs/MgO-n/Al-Si 668 606 512 460 187 

Co-Cs/MgO-c/Al-Si 668 601 510 460 187 

Co-Cs/MnO2/Al-Si 679 609 515 473 191 

Co-Cs/SiO2/Al-Si 681 613 514 474 191 

Co-Cs/TiO2/Al-Si 684 615 516 477 191 

Co-Cs/Al-Si 686 614 521 477 191 

Co-Cs 681 617 519 475 192 

 

TPR-H2 data of the studied catalysts are summarized in Table 31 and TPR-H2 profiles are depicted 

in Fig. 56. The shape of reduction profiles of supported samples differ remarkably from the profile 

of unsupported Co3O4-Cs. TPR profiles clearly indicate that deposition of Co3O4 on various 

interlayers significantly affects the reducibility i.e. bond strength of Co
3+

 as well as Co
2+

 with 

oxygen. The amount of reducible species in temperature range 20-450 °C expressed as mmol of H2 

related to the mass of active layer (Cs-Co3O4) is shown in Table 31. The value for bulk Co3O4-Cs 

from parent solution is also given. It is obvious that bulk Co3O4-Cs, Co-Cs/Al-Si, Co-Cs/SiO2/Al-

Si, Co-Cs/MnO2/Al-Si and Co-Cs/TiO2/Al-Si samples have similar amounts of these species, the 

Co-Cs/MgO-n/Al-Si possesses almost one half of such species and Co-Cs/MgO-c/Al-Si seems to 

have much higher amount of them. TPR procedures for this sample were thus repeated with 
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connected Quadrupole MS. In the case of Co-Cs/MgO-c/Al-Si, this measurement confirmed the 

presence of other species than hydrogen in the outlet, probably CO2 from carbonate species which 

remained in the interlayer from preparation. Therefore, this parameter (amount of reducible 

species) of this sample cannot be used for comparison to other samples. In the case of Co-

Cs/MnO2/Al-Si sample, the possible reduction of Mn species in the studied range [25, 31] should 

also be taken into consideration, so the theoretical amount of reducible species should be higher 

than the value for pure Co3O4-Cs. Decrease of the amount of reducible species in supported 

catalysts in temperature range 25-450°C in comparison to bulk Co3O4-Cs means that reduction of 

some cobalt species was shifted to higher temperatures due to the formation of a hardly reducible 

complex of cobalt with interlayer material. However, we cannot see that, since the TPR-H2 

measurement was done only up to 450 °C in order to avoid vaporization of alkali metals from the 

samples during measurement at higher temperatures. These interactions visible in TPR-H2 in the 

samples with MgO and MnO2 interlayers were already detected from Raman spectroscopy results. 

Interaction of cobalt active phase with the Mg-contain interlayer led to the formation of easily 

reducible components (shifting the first maximum to a lower temperature) and hardly reducible 

components (shifting the second maximum to the higher temperature). A similar effect of Mg ions 

on the reducibility of Co3O4 was also discussed in Chapter 5.3 and in works [31, 32, 122, 139]. 

Interlayers with MgO, which were prepared from different precursors (nitrate and carbonate), have 

different effect on the active phase reducibility. MgO interlayer from carbonate promoted the 

formation of greater number of active sites with better reducibility in comparison with MgO 

interlayer from nitrate, which on the contrary promoted formation of higher amount of hardly 

reducible components. Formation of worse reducible species after deposition of cobalt oxides on 

TiO2 interlayer was also reported and this could be explained by the presence of titanate [61, 

62]. Despite fact that formation of cobalt silicate led to worse reducibility of catalyst and cobalt 

silicate could be formed as a result of interaction between cobalt species and SiO2 [61, 121, 130], 

effect of SiO2 interlayer on the reducibility of active phase was not detected in this temperature 

range (25-450°C).  

Table 31: TPR-H2 results of prepared catalysts with Co3O4-Cs and different interlayers 

deposited on Al-Si ceramic foam supports. 

Catalyst Tmax (°C) 
Consumption of H2 

(mmol.gactive layer
-1) 

Co-Cs/MgO-n/Al-Si 347, 450 12.7 

Co-Cs/MgO-c/Al-Si 348, 406 48.5 

Co-Cs/MnO2/Al-Si 359, 410 18.6 

Co-Cs/TiO2/Al-Si 406 19.8 

Co-Cs/SiO2/Al-Si 375 19.2 

Co-Cs/Al-Si 379 20.5 

Co-Cs 337, 450 20.7 
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Reducibility of catalysts could be also affected by different arrangement of cesium in the supported 

samples. Part of the cesium can be deposited on the surface so it has no contact with the deposited 

cobalt species. 

 

Figure 56: TPR-H2 profiles of the prepared catalysts with Co3O4-Cs and different 

interlayers deposited on ceramic foam supports. 

5.7.2 Results of N2O decomposition catalytic tests 

Temperature dependence of N2O conversion over the studied catalysts is shown in Fig 57. The 

highest N2O conversion was achieved over the catalyst with MgO interlayer prepared from 

carbonates which is comparable with the catalyst without any interlayer. The conversions over 

samples with the other interlayers used are lower than conversion over sample without interlayer, 

and it decreased as follows: MgO-c > SiO2 = TiO2 > MnO2. 

Since the individual catalysts contained different amounts of the active phase, the comparison of 

their catalytic activity was carried out by determination of specific rate constants according to Eq. 

(38). The temperature dependence of specific rate constant of catalysts is shown in Fig 58. The 

highest rate constant was obtained over the catalyst without interlayer; the rate constant of samples 

with interlayer decreased as follows: MgO - c > MgO-n > SiO2 = TiO2 > MnO2. Despite the fact 

that the application of interlayers led to higher surface area of support (from results of BET 

analysis), samples with interlayer have lower catalytic activity. Active phase on the samples with 

interlayers were affected by interaction with interlayer material, these interaction were detected by 
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Raman and TPR-H2. The also application of chosen interlayers led to worse active phase 

distribution on the support surface as and to changes of contact of Co and Cs, which was confirmed 

by SEM results. 

 

Figure 57: Temperature dependence of N2O conversion over Co3O4-Cs deposited on the 

ceramic foams with different interlayers. Conditions: 1000 ppm N2O in N2, GHSV = 1500 h
-1

. 

 

Figure 58: Temperature dependence of kinetic constant of Co3O4-Cs deposited on the Al-

Si ceramic foams with different interlayers.  
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5.7.3 Summary 

The highest surface area have samples with SiO2 and TiO2 interlayers, than samples with MgO 

and MnO2 interlayers, which have slightly higher surface area in comparison to sample without 

interlayer. Using of chosen interlayers led to worse dispersion of active phase on the support and 

changes in reducibility due to cobalt interlayer interaction. For that reason, despite the higher 

surface area of catalysts with interlayers no positive influence of chosen interlayers was observed 

and the pure Si-Al foam without any interlayer material seems to be the best choice from tested 

foam supports in the case of Co3O4 based catalyst for N2O decomposition.  

5.8 Co3O4-Cs on Al-Si open-cell foams with different pore density  

The active phase Co3O4 was deposited on the ceramic foam with different pore density (ppi) to 

increase of geometric surface area of catalyst. Geometric surface area of catalyst increases with 

increasing pores density. Results of catalyst preparation are presented in the Table 32. The weight 

yield also increased with increasing geometric surface area of support. 

Table 32: Results of catalyst preparation. 

Parameter Co-Cs/Al-Si Co-Cs/Al-Si_20 Co-Cs/Al-Si_30 

Active phase Co3O4 with 1wt. % of Cs 

Pore density (ppi) 10 20 30 

Co3O4-Cs, wt. % 5.4 6.8 8.5 

Co3O4-Cs in 1 ml of sample, g/ml 0.028 0.032 0.040 

 

Figure 59: Temperature dependence of N2O conversion over Co3O4-Cs deposited on the 

Al-Si ceramic foam with different pore density. Conditions: 1000 ppm N2O in N2, GHSV= 

1500 m
3
m

3
bed h

-1
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Catalytic activity for N2O decomposition is presented in the Fig. 59. In this case, the catalytic 

activity increases with increasing geometric surface area of catalyst and thus amount of active 

phase. But higher pore density of foam catalyst could lead to higher pressure drop at the high flow 

velocities in industry reactor. Therefore for future investigation and mathematical modeling of full 

scale catalytic reactor catalyst deposited on the Al-Si with pore density of 20 ppi was chosen.  
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6. Mathematical model of full scale catalytic reactor for N2O 

abatement in waste gas from HNO3 production 

Studied cobalt based supported catalysts were compared by mathematical modelling of full 

scale catalytic reactor for N2O abatement in waste gas from HNO3 production plant to evaluate the 

N2O conversions at the industry conditions. Evaluated kinetic parameters obtained from laboratory 

experiments at atmospheric pressure over the catalyst in simulated waste gas streams were used for 

modelling. A mathematical model of an ideal plug flow reactor in an isothermal regime was used 

for the reactor simulation (Eqs. (21) – (31)). Kinetic constants of chosen shaped catalysts were 

evaluated from experimental data N2O decomposition obtained over shaped catalysts by integration 

method, catalytic tests results are presented in Annex 8. Calculations were provided by Polymath 

Software, Polymath reports are presented in Annex 9. 

Catalysts with the highest catalytic activity (Co3O4-Cs deposited on the pelletized Mg-Al mixed 

oxide and Co3O4-Cs deposited on the Al-Si ceramic foam) were chosen from tested series of 

supported catalysts for modeling of full scale reactor and compared to unsupported commercial 

pellets AST-4 with the same chemical composition of active phase (Co3O4 with 1wt.% Cs). Inlet 

and calculated parameters are presented in Table 33. It is assumed that the reactor will be placed 

after SCR NOx unit, which leads to a low NOx content in the inlet gas to the deN2O reactor. 

Therefore, the reactor was simulated at the condition with limited NOx concentration in the waste 

gas (200 ppm NO) or without NO content.  

From obtained results we can see that AST-4 pellets have higher conversion in comparison to 

supported catalysts in the same catalyst bed volume. Catalyst deposited on the foam was the second 

most active and the lowest conversions were achieved on the supported pellets in a ring form. This 

higher catalytic activity of AST-4 can be explained by higher amount of active components and by 

higher catalytic activity of Co3O4 due to usage of another precursor during preparation. Influence of 

different precursors on catalytic activity of cobalt oxide properties was studied in Chapter 5.5 : 

Co3O4, Co4MnAlOx on SiC open-cell foams deposited by different methods and was published in 

works [25, 83].  

Despite the high catalytic activity, AST-4 pellets have a lot of disadvantages connected to their 

production and application:  

- Problems accompanied with shaping the grains into larger pellets (5 mm) and impossibility to 

prepare shapes with higher geometric surface than full pellets. 
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- Low mechanical strength, which leads to a large amount of dust containing Co in a catalytic 

reactor. Co-dust can increase the pressure drop, gets into the other parts of the production unit and 

also leaves to the atmosphere together with the waste gas. According to the test in pilot plant 

reactor, the catalyst was not suitable choice for industry application due to the low mechanical 

strength. 

- High pressure drop. Calculated full scale reactor with AST-4 pellets has 4 times higher pressure 

drop than reactor with supported pellets in ring form and catalyst in foam form in the same catalyst 

bed volume. 

- High content of Co and Cs, which leads to high price of catalyst. Pellets of AST-4 contain 5 times 

higher amount of cobalt than in supported pellets and 40 times higher amount of cobalt than in 

catalyst deposited on the ceramic foam in the same catalyst bed volume. 

These disadvantages make AST-4 catalyst not profitable and not valuable for being used in 

industry and make us turn our attention to supported catalysts. 

Table 33: Inlet and calculated parameters for N2O abatement in waste gas from HNO3 

production. 

Parameters/Catalyst 
AST-4 

(Co3O4-Cs) 

Co3O4-Cs/ 

Al-Si_20ppi 

Co3O4-Cs/ 

70Mg30Al 

Volume flow, m3/h (NTP) 30000 

Pressure, Pa 600000 

Temperature, °C 450 

Reactor volume, m3 6.3 

Reactor high, m 2 

Reactor radius, m 1 

Shape of catalyst 
tablets 

(5x5mm) 

foam 

(20 ppi) 

rings 

(5x5/2 mm) 

Porosity of catalyst bed, - 0.46 0.80 0.63 

Pressure drop, Pa 13800 3500 3600 

Co content in catalyst bed, kg 5301 131 1011 

Cs content in catalyst bed, kg 84 1.5 15 

Industry conditions 1000 ppm N2O + 5 mol. % O2 + 2 mol. % H2O + 200 ppm NO in N2 

Kinetic constants: Ea, J.mol-1 and k0, s
-1 

Ea = 74142 

k0 = 1.33∙106 

Ea = 172623 

k0 = 2.26∙1012 

Ea = 123769 

k0 = 2.6∙108 

Conversion of N2O, % 100 75 42 

Industry conditions 1000 ppm N2O + 5 mol. % O2 + 2 mol. % H2O in N2 

Kinetic constants: Ea , J.mol-1 and k0, s
-1 

Ea = 30614 

k0 = 1.06∙103 

Ea = 46460 

k0 = 2.53∙103 

Ea = 72438 

k0 = 1.18∙105 

Conversion of N2O, % 100 87 71 

 

Catalysts bed volume should be increased in order to achieve acceptable conversion on tested 

supported catalysts. Therefore, for each type of catalysts, the size of modelled reactor was adapted 

for achieving of sufficient conversion of 80 % at the conditions with limited NOx concentration in 
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the inlet gas (200ppm). Conversions without NO in the inlet gas were also calculated. Inlet and 

calculated parameters of modeled reactors are presented in Table 34.  

 

Table 34: Inlet and calculated parameters for N2O abatement reactor in waste gas from 

HNO3 production plant 

Parameter/Catalyst AST-4 
Co3O4-Cs 

/Al-Si_20ppi 

Co3O4-Cs 

/70Mg30Al 

Volume flow, m3/h (NTP) 30000 

Pressure, Pa 600000 

Shape of catalyst 
tablets 

(5x5mm) 

foam 

(20 ppi) 

rings 

(5x5/2 mm) 

Porosity of catalyst bed, - 0.46 0.80 0.63 

Catalyst bed high, m 0.55 2.3 4 

Reactor radius, m 0.75 1 1.25 

Reactor volume, m3 0.97 7.2 19.6 

Pressure drop, Pa 11700 3800 3000 

Co content in catalyst bed, kg 819 151 3057 

Cs content in catalyst bed, kg 13 1.7 47 

Industry conditions 1000 ppm N2O + 5 % O2 + 2 % H2O + 200 ppm NO in N2 

Kinetic constants: Ea , J.mol-1 and k0, 

s-1 

Ea = 74142 

k0 = 1.33∙106 

Ea = 172623 

k0 = 2.26∙1012 

Ea = 123769 

k0 = 2.6∙108 

Conversion of N2O, % 80 80 80 

Industry conditions 1000 ppm N2O + 5 % O2 +2 % H2O in N2 

Kinetic constants: Ea , J.mol-1 and k0, 

s-1 

Ea = 30614 

k0 = 1.06∙103 

Ea = 46460 

k0 = 2.53∙103 

Ea = 72438 

k0 = 1.18∙105 

Conversion of N2O, % 84 91 98 

 

Volume of reactor was decreased twice for unsupported AST-4 pellets due to high activity in 

comparison to supported catalysts. 

 Increasing the reactor volume three times in comparison to previous calculation for supported 

pellets leads to much higher content of cobalt and cesium and makes this type of reactor 

unconvenient in comparison to other ones.  

Size of the foam reactor is 7 times bigger than with unsupported pellets. But this reactor has lower 

pressure drop and has following advantages in comparison to unsupported AST-4: 

- Much smaller amount of active components (~ five times), which leads to much lower price of 

catalyst in comparison to unsupported AST-4. 

- High mechanical strength and good adhesion of the active phase to the support, which avoids 

formation of the dust particles containing cobalt and makes this type of catalyst environmentally 

friendly. 
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- Catalyst preparation does not involve demanding steps such as co-precipitation and shaping the 

grains to the pellets. Cheap and available material is used as a support. It leads to easier catalyst 

production process and lower catalyst price. 

These advantages of catalyst deposited on the foam make this type of catalyst profitable and 

promising for industrial application.  

In future research, the catalytic activity of Co3O4-Cs deposited on the ceramic foam could be 

increased by optimization of Cs content and optimization of deposition method (using organic 

components in preparation of impregnation solutions) [29, 84]. 
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7. Conclusions 

The aim of the thesis was to develop supported catalysts based on cobalt mixed oxides for low 

temperature N2O decomposition applicable in the reduction of N2O emissions in waste gas from 

HNO3 production plants. 

First part of this work focuses on the study of laboratory reactors for shaped catalyst testing. The 

influence of macro kinetic elements on the N2O conversion was studied for two types of reactors 

(SPSR and FBR) and for two types of catalyst beds (pelletized catalyst bed and foam catalyst bed). 

Catalytic test conditions suitable for obtaining kinetic data non effected by macro kinetic elements 

were determined. 

In the second part of this thesis, cobalt catalysts deposited on different commercial supports in the 

pelletized and open-cell foam form were studied. 

Co3O4 deposited on the different kinds of pelletized supports (Mg-Al mixed oxides, Al2O3 in the 

form of rings and TiO2 in the form of quadrulobes) were studied for N2O decomposition. From the 

differences in the obtained catalytic activities as well as from the results of XRD, BET, IR and 

TPR-H2, it is clear that the support plays an important role in the catalytic deN2O activity of the 

Co3O4 based catalysts. The order of N2O conversions obtained over the catalysts in grain and 

shaped forms was the same, which means that this order is governed by intrinsic kinetics and not 

by the shape and texture features of catalysts. In spite of the fact that Co3O4 deposited on a support 

with a high content of Mg (70 wt.% Mg + Al2O3) contained hardly reducible compounds, it 

possessed the highest catalytic activity among the supported samples, which can be due to the 

presence of active sites with easier reducibility and better dispersion of active phase on the surface 

of the support, which in turn contributes to a greater number of available active sites. Samples 

deposited on a support with a high content of Al2O3 (Al2O3 + 30 wt.% Mg) revealed lower catalytic 

activity for N2O decomposition due to the negative influence of Al ions in Co3O4 lattice causing by 

aluminates formation. No special interaction of active phase with support, which can influence 

catalytic activity, was identified for Co3O4/TiO2. From the point of view of the usability of 

supported catalysts, it was found out that although N2O conversions over bulk Co3O4 (obtained 

from parent solution) in kinetic regime were several times higher than those over supported 

samples, the conversions over bulk Co3O4 pellets prepared from the same active phase are 

comparable with supported Co3O4 catalyst in pelletized form, in spite of the fact that 

Co3O4 contains a significantly higher content of active cobalt components. This demonstrates that 

deposition of cobalt spinel catalyst on suitable support in pellet form can be a good alternative to 

unsupported pellets with low mechanical strength and with a high content of expensive and 

environmentally harmful cobalt species. 
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A significant part of the dissertation was devoted to the development of cobalt based catalyst 

deposited on the open-cell ceramic foam. It consists of the following steps: 

 Determination of the optimal preparation method. Cobalt based mixed oxide active phase 

(Co3O4, Co4MnAlOx) was deposited on SiC foams by two different methods: wet 

impregnation and suspension method. The prepared catalysts containing the same type of 

active phase (Co3O4 or Co4MnAlOx) had the same chemical composition, but with different 

structural properties and morphology, which led to different catalytic activity. Suspension 

method provides active phase with higher surface areas and sites with better reducibility, 

both of these factors contribute to higher N2O conversions. The downsides of the 

suspension method include high demands both in terms of time and of energy (will be 

more expensive in industry application in comparison to impregnation method) and worse 

adhesion of active phase to support due to catalyst layer cracking. This makes the 

suspension method of deposition not profitable and not valuable for being used in industry 

conditions, and we turned our attention to impregnation method.  

 Determination of a suitable kind of ceramic foam material. The cobalt based active phase 

(Co3O4 with 1wt. % Cs) was deposited on the different kinds of ceramic foams (Al-Si, Zr-

Mg-Al and SiC-Al). Samples deposited on the SiC-Al and Zr-Mg-Al supports showed 

lower catalytic activity in comparison to sample deposited on the Al-Si support, which 

could be related to worse dispersion of active phase on these supports and interaction of 

active phase with support material. Deposition of Co3O4-Cs on the Al-Si ceramic foam did 

not significantly reduce the catalytic activity of active phase. The difference in the catalytic 

activity of unsupported Co3O4-Cs and Co-Cs/Al-Si could be connected with changes in the 

working ratio of Cs:Co3O4 in comparison with unsupported samples. Al-Si ceramic foam 

was recognized as the most suitable foam support and was chosen for further investigation. 

 Determination of the optimal number of catalyst layers on the ceramic foam supports. 

Catalysts with different numbers of deposited cobalt active phase (Co3O4 with 1 wt. % Cs, 

Co4MnAlOx with 2 wt. % K) layers were prepared in order to evaluate the optimal number 

of catalyst layers on the foam support. Application of the several active layers, in order to 

increase the amount of active phase in the catalyst, lead to the reduction of active sites' 

accessibility in catalytic reaction and did not lead to an increase of catalytic activity in both 

cases for Co3O4-Cs and Co4MnAlOx-K active phases. Samples with Co3O4-Cs active phase 

revealed higher catalytic activity in comparison to samples with Co4MnAlOx-K and was 

chosen for further investigation. The results of this part confirm that Co3O4-Cs and 

Co4MnAlOx-K deposited on open-cell ceramic foam as catalysts for N2O decomposition 

are a promising alternative to the conventional fixed bed reactors.  
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 Optimization of catalyst preparation in order to increase catalyst surface area by applying 

different interlayers. Different interlayers (MgO, MnO2, TiO2 and SiO2) were deposited on 

the Al-Si ceramic foam in order to increase catalyst surface area and catalytic activity. The 

highest surface area have samples with SiO2 and TiO2 interlayers, then samples with MgO 

and MnO2 interlayers, which have a slightly higher surface area in comparison to samples 

without interlayers. The use of chosen interlayers led to worse dispersion of active phase 

on the support and changes in reducibility due to cobalt interlayer interaction. For these 

reasons, despite the higher surface area of catalysts with interlayers, no positive influence 

of chosen interlayers was observed and the pure Si-Al foam without any interlayer material 

seems to be the best choice from the tested foam supports.  

 Optimization of catalyst preparation in order to increase geometric catalyst surface area by 

using foams with higher pore density. Cobalt mixed oxide with cesium promoter (Co3O4-

Cs) was deposited on the ceramic open-cell foams with pore density 10, 20 and 30 ppi. 

Catalytic activity increases with increasing geometric surface area of catalyst and thus 

amount of active phase. 

In the last part of dissertation, supported catalysts with the highest catalytic activity (Co3O4-Cs 

deposited on the pelletized Mg-Al mixed oxide and Co3O4-Cs deposited on the Al-Si ceramic 

foam) and unsupported commercial pellets AST-4 with the same chemical composition of active 

phase (Co3O4 with 1wt. % Cs) were compared by mathematical modeling of the full scale reactor 

for N2O abatement in waste gas from HNO3 production plants to evaluate the catalytic activity in 

industry conditions. Different sized reactors were modeled to achieve the same N2O conversion (80 

%) on all catalysts. Although calculated amount of foam catalyst is not the smallest one, it contains 

many times less cobalt and cesium components in comparison to other ones (5 times less in 

comparison to unsupported AST-4) and lower pressure drop (3 times lower in comparison to 

unsupported catalyst bed). This confirms the fact that this type of catalyst is profitable and 

promising for industrial application.  

Research of structured catalysts belongs to new trends in catalysis, but no study on ceramic foam 

cobalt catalysts for N2O decomposition has been published yet. 

In further research, the catalytic activity of Co3O4-Cs deposited on the ceramic foam could be 

increased by optimization of Co/Cs content and by optimization of deposition method e.g. using 

organic components in the preparation of impregnation solutions. 
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FTIR  Fourier-transform infrared spectroscopy 
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FWHM  Full width at half maximum 

GHSV  Gas hourly space velocity 

GHWP   Greenhouse warming potential 
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IET  Institute of Environmental Technology 

LDHs  Layered double hydroxides 
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NTP  Normal Temperature and Pressure 
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ppm  Parts per million 

RMSTC Regional Materials Science and Technology Centre 

SCR  Selective catalytic reduction 

SEM  Scanning electron microscope 
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TPR-H2  Temperature-programmed reduction by hydrogen 
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Annex 2 Scheme of the GASMIX apparatus 
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Annex 5 Scheme of the ROCKET apparatus  
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Annex 6 Photograph of ROCKET apparatus 
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Annex 7 Photograph of laboratory reactor R3 
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Annex 8 Kinetic data of N2O decomposition at the simulated 

conditions as in waste gas from nitric acid plant  

 
Catalyst AST-4 

Conditions: 0.1 mol.% N2O + 5 mol.% O2 + 2 mol.% H2O in N2 

Catalyst bed, ml 10 

Total flow rate (NTP), ml/min 500 

Temperature, °C/ Conversion of N2O, % 

450 96 

420 92 

390 88 

360 83 

330 76 

300 64 

Conditions 0.1 mol.% N2O + 5 mol.% O2 + 2 mol.% H2O + 0.02 ml.% NO in N2 

Catalyst bed, ml 10 

Total flow rate (NTP), ml/min 500 

Temperature, °C/ Conversion of N2O, % 

450 94 

420 84 

390 63 

360 33 

330 4 

300 1 

 
Catalyst Co-Cs/Al-Si_20 

Conditions: 0.1 mol.% N2O + 5 mol.% O2 + 2 mol.% H2O in N2 

Catalyst bed, ml 59.2 

Total flow rate (NTP), ml/min 500 700 

Temperature, °C/ Conversion of N2O, % 

450 96 90 

420 90 85 

390 81 76 

360 69 64 

330 52 49 

300 31 28 

Conditions: 0.1 mol.% N2O + 5 mol.% O2 + 2 mol.% H2O + 0.02 ml.% NO in N2 

Total flow rate (NTP), ml/min 300 500 

Temperature, °C/ Conversion of N2O, % 

450 95 87 

420 63 60 

390 25 22 

360 8 3 

330 1 1 

300 0 0 
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Catalyst Co3O4-Cs/70Mg30Al 

Conditions: 0.1 mol.% N2O + 5 mol.% O2 + 2 mol.% H2O in N2 

Total flow rate (NTP), ml/min 250 

Temperature, °C/ Conversion of N2O, % 

450 27 

420 11 

390 4 

360 1 

330 0 

Conditions: 0.1 mol.% N2O + 5 mol.% O2 + 2 mol.% H2O + 0.02 ml.% NO in N2 

Total flow rate (NTP), ml/min 250 

Temperature, °C/ Conversion of N2O, % 

450 46 

420 34 

390 23 

360 13 

330 7 

300 3 
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Annex 9 Polymath reports of mathematical model of full scale 

catalytic reactor for N2O abatement in waste gas from HNO3 

production 

 

Unsupported catalyst AST-4 

 
POLYMATH Report AST-4  
Ordinary Differential Equations 30-10-2017 
 
Calculated values of DEQ variables  

  Variable Initial value Minimal value Maximal value Final value 

1  Dp  0,00572  0,00572  0,00572  0,00572  

2  Ea  7,414E+04  7,414E+04  7,414E+04  7,414E+04  

3  f  0,462  0,462  0,462  0,462  

4  gs  0,874  0,874  0,874  0,874  

5  k  5,814824  5,814824  5,814824  5,814824  

6  k0  1,33E+06  1,33E+06  1,33E+06  1,33E+06  

7  m  2,9E-05  2,9E-05  2,9E-05  2,9E-05  

8  M  9,58  9,58  9,58  9,58  

9  p  6,0E+05  5,562E+05  6,0E+05  5,562E+05  

10  P  2,796211  2,592043  2,796211  2,592043  

11  P0  6,899866  6,899866  6,899866  6,899866  

12  p0  6,0E+05  6,0E+05  6,0E+05  6,0E+05  

13  R  8,31  8,31  8,31  8,31  

14  S  1,76  1,76  1,76  1,76  

15  T  723,  723,  723,  723,  

16  v  3,426065  3,426065  3,695926  3,695926  

17  x  0  0  0,9968454  0,9968454  

18  z  0  0  2,  2,  

 
Differential equations  

1  d(x)/d(z) = (k*(1-x)*S)/(v)  

2  d(p)/d(z) = -((M/S)/(P*gs*Dp))*((1-f)/(f*f*f))*(150*(1-f)*m/Dp+175e-2*(M/S))  

 
Explicit equations  

1  p0 = 600000  

   pressure in z=0, Pa  

2  R = 831e-2  

   gas constant  

3  m = 29e-6  

   dynamic viscosity, Pa.s  

4  f = 462e-3  

   porosity of catalyst bed  
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5  Dp = 572e-5  

   diameter of catalyst particle, m  

6  gs = 874e-3  

   sphericity of catalyst particle  

7  T = 723  

   temperature of reaction, K  

8  P = p*28e-3/(R*T)  

   density at the T, kg/m3  

9  Ea = 74142  

   activation energy, J/mol  

10  k0 = 1330000  

   pre-exponential factor, s-1  

11  k = k0*EXP(-Ea/(R*T))  

   kinetic constant, s-1  

12  S = 176e-2  

   reactor cross-sectional area, m2  

13  P0 = p0*28e-3/(R*293)  

   density at the 20 °C, kg/m3  

14  M = 9580e-3  

   mass flow, kg/s  

15  v = M/P  

   volume flow, m3/s  

 
General  
Total number of equations  17  

Number of differential equations  2  

Number of explicit equations  15  

Elapsed time  0,000 sec  

Solution method  RKF_45  

Step size guess. h  0,000001  

Truncation error tolerance. eps  0,000001  
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Foam catalyst Co-Cs/Al-Si_20 
 

POLYMATH Report Co-Cs/Al-Si_20  
Ordinary Differential Equations 30-10-2017 
 
Calculated values of DEQ variables  

  Variable Initial value Minimal value Maximal value Final value 

1  a  1,905  1,905  1,905  1,905  

2  b  0,314  0,314  0,314  0,314  

3  dP  1755,339  1755,339  1755,339  1755,339  

4  e  0,8  0,8  0,8  0,8  

5  Ea  1,726E+05  1,726E+05  1,726E+05  1,726E+05  

6  k  0,7518768  0,7518768  0,7518768  0,7518768  

7  k0  2,26E+12  2,26E+12  2,26E+12  2,26E+12  

8  m  2,9E-05  2,9E-05  2,9E-05  2,9E-05  

9  M  9,58  9,58  9,58  9,58  

10  P  2,796211  2,796211  2,796211  2,796211  

11  p  6,0E+05  5,947E+05  6,0E+05  5,947E+05  

12  p0  6,0E+05  6,0E+05  6,0E+05  6,0E+05  

13  P0  6,899866  6,899866  6,899866  6,899866  

14  Q  1,091103  1,091103  1,091103  1,091103  

15  R  8,31  8,31  8,31  8,31  

16  S  3,14  3,14  3,14  3,14  

17  Sv  4104,7  4104,7  4104,7  4104,7  

18  T  723,  723,  723,  723,  

19  v  3,426065  3,426065  3,426065  3,426065  

20  x  0  0  0,8723191  0,8723191  

21  z  0  0  3,  3,  

 
Differential equations  

1  d(x)/d(z) = (k*(1-x)*S*p)/(v*p0)  

 
Explicit equations  

1  R = 831e-2  

   Gas constant  

2  p0 = 600000  

   Pressure in z=0, Pa  

3  m = 29e-6  

   Dynamic viscosity, Pa.s  

4  T = 723  

   Reaction temperature, K  

5  P0 = p0*28e-3/(R*293)  

   Density at the 20°C, kg/m3  
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6  Ea = 172623  

   Activation energy, J.mol-1  

7  k0 = 226e10  

   Pre-exponential factor  

8  k = k0*EXP(-Ea/(R*T))  

   Kinetic constant, s-1  

9  S = 314e-2  

   reactor cross-sectional area, m2 

10  P = p0*28e-3/(R*T)  

   Density at the T, kg/m3  

11  M = 9580e-3  

   Mass flow, kg/m3  

12  Sv = 41047e-1  

13  v = M/P  

   Volume flow, m3/s  

14  Q = v/S  

15  b = 314e-3  

 Coefficient for inertial term 

16  a = 1905e-3 
 Coefficient for viscous term 

17  e = 8e-1  
porosity of catalyst bed 

18  dP = a*(Sv*Sv)*(1-e)*(1-e)*m*Q/e^3+b*Sv*(1-e)*P*Q*Q/e^3  

   Pressure drop, Pa/m  

19  p = p0-dP*z  
Pressure, Pa 

 
General  
Total number of equations  20  

Number of differential equations  1  

Number of explicit equations  19  

Elapsed time  0,000 sec  

Solution method  RKF_45  

Step size guess. h  0,000001  

Truncation error tolerance. eps  0,000001  
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Supported pellets Co3O4-Cs/70Mg30Al 

 
POLYMATH Report Co3O4-Cs/70Mg30Al  
Ordinary Differential Equations 30-10-2017 
 
Calculated values of DEQ variables  

  Variable Initial value Minimal value Maximal value Final value 

1  Dp  0,00572  0,00572  0,00572  0,00572  

2  Ea  1,238E+05  1,238E+05  1,238E+05  1,238E+05  

3  f  0,633  0,633  0,633  0,633  

4  G  1,955102  1,955102  1,955102  1,955102  

5  gs  0,874  0,874  0,874  0,874  

6  k  0,2940336  0,2940336  0,2940336  0,2940336  

7  k0  2,6E+08  2,6E+08  2,6E+08  2,6E+08  

8  M  9,58  9,58  9,58  9,58  

9  m  2,9E-05  2,9E-05  2,9E-05  2,9E-05  

10  P  2,796211  2,782216  2,796211  2,782216  

11  p  6,0E+05  5,97E+05  6,0E+05  5,97E+05  

12  P0  6,899866  6,899866  6,899866  6,899866  

13  p0  6,0E+05  6,0E+05  6,0E+05  6,0E+05  

14  R  8,31  8,31  8,31  8,31  

15  S  4,9  4,9  4,9  4,9  

16  T  723,  723,  723,  723,  

17  v  3,426065  3,426065  3,443298  3,443298  

18  x  0  0  0,8132372  0,8132372  

19  z  0  0  4,  4,  

 
Differential equations  

1  d(x)/d(z) = (k*(1-x)*S)/(v)  

2  d(p)/d(z) = -(G/(P*gs*Dp))*((1-f)/(f*f*f))*(150*(1-f)*m/Dp+175e-2*G)  

 
 

Explicit equations 

1  p0 = 600000  

   pressure in z=0, Pa  

2  R = 831e-2  

   gas constant  

3  m = 29e-6  

   dynamic viscosity, Pa.s  

4  f = 633e-3  

   porosity of catalyst bed  

5  Dp = 572e-5  

   diameter of catalyst particle, m  

6  gs = 874e-3  
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   sphericity of catalyst particle  

7  T = 723  

   temperature of reaction, K  

8  P = p*28e-3/(R*T)  

   density at the T, kg/m3  

9  Ea = 123769  

   activation energy, J/mol  

10  k0 = 26e7  

   pre-exponential factor, s-1  

11  k = k0*EXP(-Ea/(R*T))  

   kinetic constant, s-1  

12  S = 490e-2 

   reactor cross-sectional area, m2  

13  P0 = p0*28e-3/(R*293)  

   density at the 20 °C, kg/m3  

14  M = 9580e-3  

   mass flow, kg/s  

15  v = M/P  

   volume flow, m3/s  

 
General  
Total number of equations  18  

Number of differential equations  2  

Number of explicit equations  16  

Elapsed time  0,000 sec  

Solution method  RKF_45  

Step size guess. h  0,000001  

Truncation error tolerance. eps  0,000001  
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