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ABSTRAKT 
Oxid dusný je významným polutantem. Pro snižování emisí N2O je výhodné zaměřit se na velké 

stacionární zdroje emisí N2O, jako je výroba kyseliny dusičné. Jednou z možností snížení emisí 

N2O je jeho přímý katalytický rozklad. Je známo, že Co3O4 s Cs-promotorem je aktivní 

v katalytickém rozkladu N2O. Nanesení aktivních komponent na povrch strukturovaného 

nosiče může významně zvýšit uplatnitelnost katalyzátoru v průmyslovém měřítku.  

Kromě chemického složení aktivních komponent je aktivita výsledného katalyzátoru ovlivněna 

rovněž metodou jejich nanášení na nosič. 

V této práci je zkoumána příprava De-N2O katalyzátorů na bázi Co3O4 na keramické pěně  

jako strukturovaném nosiči pomocí impregnace z roztoku s organickým činidlem.  

Jako organická impregnační činidla jsou testovány kyselina octová, kyselina citronová, 

glycerol, glycin a močovina. Katalyzátory jsou charakterizovány pomocí AAS, BET, SEM, 

TPR-H2 a XRD. Použití glycerolu vede k největšímu zvýšení De-N2O aktivity katalyzátoru.  

Příprava katalyzátoru pomocí impregnace s glycerolem je dále optimalizována. Je zjištěn 

optimální molární poměr glycerol-kobalt v impregnačním roztoku 1:1. Optimalizovaná metoda 

impregnace s glycerolem je užita k přípravě Co3O4 s Cs-promotorem na keramické pěně.  

Na základě De-N2O katalytických testů v simulovaném koncovém plynu výroby kyseliny 

dusičné (N2O, O2, H2O, NO, N2) je nalezen optimální obsah Cs mezi 1,5 a 1,9 hm. % Co3O4.  

 

Klíčová slova: Oxid dusný, Katalytický rozklad, Nosičový katalyzátor, Keramická pěna, Co3O4 

  



  
 

ABSTRACT 
Nitrous oxide is a significant pollutant. Large stationary sources of N2O emissions,  

such as nitric acid plants, are the most suitable for N2O emissions abatement. Direct N2O 

catalytic decomposition is a promising option for N2O abatement. Cs-doped Co3O4 is known  

to be active for N2O catalytic decomposition. Dispersion of the active components  

over a structured support surface may largely improve the applicability of the catalyst  

in industrial scale. Apart from the active components’ chemical composition, the resultant 

catalyst activity is influenced by the method of their deposition on the support as well. 

In this work, the preparation of Co3O4 De-N2O catalyst on ceramic foam structured support  

by organic-assisted impregnation is investigated. Acetic acid, citric acid, glycerol, glycine  

and urea are tested as organic impregnation agents. The catalysts are characterized by AAS, 

BET, SEM, TPR-H2 and XRD. Using glycerol as the organic impregnation agent leads  

to the highest improvement of the catalyst De-N2O activity. Preparation of the catalyst  

by glycerol-assisted impregnation is further optimized. The optimal glycerol-to-cobalt molar 

ratio of the impregnation solution is found to be 1:1. The optimized glycerol-assisted 

impregnation method is used for preparation of Cs-doped Co3O4 catalysts on ceramic foams. 

Based on De-N2O catalytic tests in simulated nitric acid plant tail-gas (N2O, O2, H2O, NO, N2), 

the optimal Cs loading is found to be between 1.5 and 1.9 wt. % of Co3O4. 

 

Keywords: Nitrous oxide, Catalytic Decomposition, Supported Catalyst, Ceramic Foam,  

Cobalt Oxide 
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1. INTRODUCTION 
Nitrous oxide contributes to the greenhouse effect and to ozone layer depletion. Its atmospheric 

concentration is rising since the middle of the 19th century as a result of increasing 

anthropogenic emissions. While agricultural use of nitrogen fertilisers is the single largest 

source of anthropogenic nitrous oxide, its spread over large areas makes the evaluation  

and abatement of the emissions challenging [1, 2]. The efforts at lowering nitrous oxide 

emissions are best aimed at industrial point sources of direct nitrous oxide emissions [3]. 

The production of nitric acid is currently the largest industrial source of nitrous oxide emissions. 

While there are numerous abatement options available for newly constructed plants,  

their application to the existing plants often requires significant retrofitting investments,  

or interferes with the production process, lowering the plant efficiency. For these reasons, 

treatment of the tail-gas is an attractive option in existing plants. Unlike non-selective  

or selective catalytic reduction, direct catalytic decomposition of nitrous oxide does not require 

continuous addition of a reducing agent, which would increase the operational costs of the plant. 

However, a suitable catalyst is yet to be developed [3–5]. 

For direct catalytic decomposition of nitrous oxide, metal, oxidic and zeolitic catalysts  

are studied. Among the oxidic catalysts studied, spinel-type oxides containing cobalt,  

such as Co3O4, are particularly promising [6, 7]. The De-N2O activity of a Co3O4-based catalyst 

can be significantly improved by an alkali metal promoter [7–10]. Besides catalytic activity, 

the industrial applicability of a catalyst depends on many factors, such as its chemical, thermal 

and mechanical stability in the reaction conditions. The catalyst properties  

can be improved by its deposition on a support. The preparation method and conditions 

influence the catalyst properties [11–13]. 
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2. AIMS 
This diploma thesis aims to further development of industrially applicable Co3O4 catalysts  

on ceramic foam structured supports for nitrous oxide direct catalytic decomposition in nitric 

acid plant tail-gas. In order to optimize the preparation of such catalysts with regards  

to the catalytic activity for nitrous oxide decomposition, the aims are, in particular: 

- to determine an organic impregnation agent suitable for the preparation of the catalyst 

by organic-assisted impregnation, 

- to determine the optimal organic agent to cobalt precursor ratio in the impregnation 

solution, and 

- to determine the optimal content of cesium promoter in the catalyst active phase. 
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3. THEORETICAL PART 
3.1. N2O in environment 
While nitrous oxide is naturally present in the atmosphere, its atmospheric concentration  

has been rising over the last ca. 200 years as a result of anthropogenic emissions. As nitrous 

oxide contributes to the greenhouse effect as well as the ozone layer depletion, it is considered 

to be a significant pollutant [1, 2]. 

The natural nitrous oxide atmospheric concentration before the year 1750 is reported  

to be around 285 ppbv. The concentration has been rising significantly since ca. 1850 [14, 15]. 

Systematic monitoring of the concentration has begun in the 1970s. The atmospheric nitrous 

oxide concentration has exceeded 310 ppbv in the year 1990 and 323 ppbv in the year 2011  

[1, 14, 16]. In the present, it exceeds 325 ppbv [16]. Based on the analyses of glacial ice,  

the atmospheric concentration of nitrous oxide in the past 800 000 years has been found to vary 

between 200 and 290 ppbv, making the development of the recent centuries unprecedent  

[15, 17]. 

3.1.1. Greenhouse effect 
The greenhouse effect is caused by greenhouse gases, such as CO2, CH4, H2O or N2O,  

able to absorb the energy radiated by the surface of Earth. A part of the absorbed energy is then 

emitted back to the surface, preventing its cooling. While the greenhouse gases are naturally 

present in the atmosphere, their atmospheric concentrations are rising due to anthropogenic 

emissions. This leads to an increasing intensity of the greenhouse effect resulting in global 

warming [1]. 

The ability of a greenhouse gas to contribute to the greenhouse effect, compared to the same 

mass of CO2, is represented by its Global Warming Potential (𝐺𝑊𝑃). Nitrous oxide has a high 𝐺𝑊𝑃 of ca. 300, that is, 1 kg of nitrous oxide contributes the same as 300 kg of CO2.  

The value is given by its long lifetime of ca. 130 years and a good ability to absorb and emit 

energy. Despite its relatively low concentrations, nitrous oxide is the third most important 

greenhouse gas. Anthropogenic emissions of nitrous oxide account for ca. 6 % of the total 

anthropogenic global warming [1]. 

3.1.2. Ozone layer depletion 
Nitrous oxide also contributes to the depletion of stratospheric ozone. Nitrous oxide is stable  

in the lower atmosphere. In the stratosphere, it is mostly subject to photolytic reaction (R1) 
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(upper index * denotes an excited species) producing nitrogen. About 10 % of nitrous oxide 

reacts to form NO (R2), which acts as a catalyst for ozone decomposition (R3-4, summary R5) 

[1, 2]. 

 N O  N + O∗  (R1) 

 N O + O → 2 NO  (R2) 

 NO + O  → NO + O   (R3) 

 NO + O∗ → NO + O   (R4) 

 O + O∗  2 O   (R5) 

The ability of a substance to contribute to ozone layer depletion, compared to the same mass  

of trichlorofluoromethane (CFC-11), is represented by its Ozone Depletion Potential (𝑂𝐷𝑃). 

Nitrous oxide has a relatively small 𝑂𝐷𝑃 of 0.017. However, due to successful abatement  

of other ozone depleting substances and the large anthropogenic emissions of nitrous oxide,  

it is currently the most important ozone depleting substance [1]. 

3.1.3. Anthropogenic sources of N2O 
The main natural source of nitrous oxide is microbial activity in waters and soils. 

Anthropogenic nitrous oxide emissions are caused by direct N2O emissions and by emissions 

of nitrogen compounds accessible to the microbial processes. Important anthropogenic sources 

of nitrous oxide are: 

- agriculture, 

- waste and wastewater treatment, 

- fuel combustion in energetics, industry and transportation, 

- aircraft and rocketry, 

- nitric and adipic acid production [1, 2]. 

Agricultural use of nitrogen compounds, such as fertilizers, increases the amount of nitrous 

oxide produced in waters and soils. The use of nitrogen fertilisers is the single most important 

anthropogenic contribution to the increase of atmospheric nitrous oxide concentration. 

However, the evaluation and abatement of agricultural nitrous oxide emissions is challenging, 

particularly due to their spread over large areas. Waste and wastewater treatment facilities 

utilise microbial processes to convert pollutants, leading to nitrous oxide emissions [1]. 
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Nitrous oxide is formed during fossil fuel combustion in energetics, industry and transportation. 

The formation of nitrous oxide on the automotive three-way catalyst is reported,  

as an undesirable result of NOx emissions abatement. However, the emissions caused by a single 

vehicle are negligible. Fuel combustion in aircraft and rocketry causes nitrous oxide emissions 

in the higher atmosphere, possibly impacting the ozone layer more potently [2]. 

The abatement of nitrous oxide emissions in large localised industrial sources is the most 

feasible. Nitric and adipic acid plants are among the most important industrial sources of nitrous 

oxide emissions. Abatement technologies for adipic acid plants have been successfully 

developed thanks to the high concentrations of nitrous oxide in the tail-gas of about 25-40 % 

and are commercially available. However, these are not applicable to other nitrous oxide 

emission sources due to the significantly lower nitrous oxide concentrations therein[3]. 

There are significant advances in development and application of nitrous oxide abatement 

technologies for newly constructed nitric acid plants. However, the application of these  

to an existing plant generally requires significant rebuilding costs and possibly reduces  

the production efficiency of the plant. The treatment of the tail-gas is proposed  

as a cost-efficient option. It is, however, complicated by the relatively low nitrous oxide 

concentration of 300-1500 ppmv, the presence of catalyst inhibitors (NOx, O2, H2O)  

and relatively low temperatures under 500 °C in the tail-gas [3–5]. 

3.2. N2O emissions in nitric acid plants 

Figure 1 shows flowsheet of a dual-pressure nitric acid plant. The process of weak nitric acid 

production consists of the following steps: 

- catalytic oxidation of ammonia by air on Pt-Rh gauzes to NO, 

- exothermic oxidation of NO to NO2, 

- absorption of NO2 in water [3–5]. 

Nitrous oxide is formed as a by-product of the catalytic oxidation of ammonia (R6), or in  

a reaction of ammonia with NO (R7, R8) in the ammonia converter. In the rest of the production 

process, nitrous oxide is inert and passes to the tail-gas. The tail-gas properties are dependent 

on the process conditions, the typical ranges are presented in Table 1 [3–5]. 

 2 NH + 2 O  → N O + 3 H O  (R6) 

 2 NH + 8 NO → 5 N O + 3 H O  (R7) 

 4 NH + 4 NO + 3 O  → 4 N O + 6 H O  (R8) 
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Figure 1. Flowsheet of dual-pressure nitric acid plant, with the positions suitable for nitrous 
oxide abatement measures (1-4) [3] 

Table 1. Nitric acid plant tail-gas properties [3, 5] 
Parameter Range Unit 

N2O content 300–1500 ppmv 

NOx content 100–200 ppmv 

O2 content 1–4 vol. % 

H2O content 0.3–0.7 vol. % 

Pressure upstream of expander 3–12 bar 

Temperature upstream of expander 200–500 °C 

Pressure downstream of expander 1 bar 

Temperature downstream of expander 200–300 °C 

Volume flow 20 000–100 000 Nm3 h-1 

Nitrous oxide abatement measures can be classified in four groups, according to their placement 

in the process. Suitable positions (1-4) are marked in Figure 1: 

- primary measures (pos. 1 in Figure 1) prevent the nitrous oxide formation  

in the ammonia converter, 

- secondary measures (pos. 2 in Figure 1) remove nitrous oxide from the process gas 

between the ammonia converter and the absorption column, 

- tertiary measures (pos. 3 in Figure 1) remove nitrous oxide from the tail-gas upstream 

of the tail-gas expansion turbine, 
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- quaternary measures (pos. 4 in Figure 1) remove nitrous oxide from the tail-gas 

downstream of the tail-gas expansion turbine [3, 4]. 

3.2.1. N2O abatement options 
Primary abatement measures (pos. 1 – ammonia converter) include the prevention of nitrous 

oxide formation by the optimization of the process conditions, by the modification of the Pt-Rh 

gauzes, or by use of an alternative oxidation catalyst. Primary measures can affect the NO yield 

of the ammonia oxidation, and thus the overall plant efficiency [3–5]. 

On Pt-Rh gauzes, the ammonia conversion to NO is limited to 98 % maximum, with nitrous 

oxide and nitrogen as by-products. The amount of nitrous oxide being formed depends  

on the process pressure, temperature, and ammonia-to-air ratio. The rate of nitrous oxide 

formation increases over time, as the catalyst deteriorates and loses selectivity due to the loss 

of noble metals. The durability of the catalyst is influenced by its composition and geometry 

and by the process conditions as well [3, 5]. 

Alternative oxide-based catalysts for the ammonia conversion are being developed, promising 

lower investment, longer lifetime, and lower nitrous oxide emissions. However, a significantly 

lower NO yield of 92 % maximum is accomplished, and the catalysts undergo deactivation  

in high temperatures. A dual-bed system combining Pt gauzes and another catalyst reportedly 

achieves NO yield of up to 98 %. The nitrous oxide emissions from the dual-bed system, 

however, are not reported. It should be noted that the installation of an alternative catalyst  

to an existing plant might require significant revamping of the reactor and the production 

process [3–5]. 

Secondary abatement measures (pos. 2 – downstream of the ammonia burner) include 

homogenous or catalytic decomposition of nitrous oxide. Homogenous thermal decomposition 

of nitrous oxide may occur in the high temperatures immediately downstream of the ammonia 

burner. However, an extended reaction chamber is required to increase the residence time  

of the process gas therein. As such, it is not a viable option for existing plants [3–5]. 

For secondary catalytic decomposition, a De-N2O catalyst has to be placed below the Pt-Rh 

gauzes. This requires only minor to no modifications to the reactor and can easily be applied  

to existing plants. However, the temperature, pressure, velocity and composition of the process 

gas put demands on the selectivity, chemical and thermal stability of the catalyst [3–5]. 
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Tertiary abatement measures (pos. 3 – upstream of the tail-gas expander) include non-selective 

catalytic reduction, selective catalytic reduction, and direct catalytic decomposition of nitrous 

oxide. The placement of the De-N2O treatment on the tail-gas line after the absorption step 

assures the production process is not influenced. In both non-selective and selective catalytic 

reduction, fuel (such as hydrogen, methane, ammonia, or hydrocarbons) is continuously added 

to the tail-gas to reduce nitrous oxide, increasing the production costs. The reactions require 

relatively high temperatures and pre-heating of the tail-gas may be required. Burning the fuel 

results in additional emissions and the increase of the tail-gas temperature, possibly exceeding 

the maximum temperature for admission to the expander unit. Non-selective catalytic reduction 

reduces NOx as well [3–5]. 

Tertiary direct catalytic decomposition of nitrous oxide is an attractive option for nitrous oxide 

abatement, as it requires no additives. However, a catalyst sufficiently active in the tail-gas 

conditions (presented in Table 1) is yet to be developed. To minimise inhibition caused by NOx, 

the placement of the De-N2O reactor downstream of the De-NOx reactor is proposed [3–5]. 

Quaternary abatement measures (pos. 4 – downstream of the tail-gas expander) include  

non-selective catalytic reduction, selective catalytic reduction, and direct catalytic 

decomposition of nitrous oxide. However, further challenges are presented by the significantly 

lower temperature and pressure of the tail-gas, and its pre-heating is necessary for successful 

nitrous oxide abatement [3, 4]. 

Using the best available techniques lowers the nitrous oxide emissions to 20-100 ppmv  

or 20-300 ppmv in new and existing plants, respectively. For existing plants, the techniques  

of ammonia oxidation conditions optimization, monitoring of the ammonia oxidation catalyst 

and adjusting its campaign length (primary), catalytic decomposition of nitrous oxide  

in the ammonia converter (secondary), and nitrous oxide catalytic decomposition combined 

with NOx catalytic reduction in the tail-gas (tertiary) are suggested [5]. This thesis aims  

to further development of industrially applicable catalysts for tertiary direct catalytic 

decomposition of nitrous oxide in nitric acid plants. 

3.2.2. Direct catalytic decomposition of N2O 
In the atmosphere, nitrous oxide molecule is relatively stable with an estimated lifetime  

of ca. 130 years [1], despite its decomposition being thermodynamically viable (R9) [3, 6]. 

 2 N O → 2 N + O   Δ 𝐻°(298 K) = −163 kJ mol  (R9) 
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In the asymmetric N-N-O molecule, the N-N bond order is about 2.7, while the N-O bond order 

is about 1.6. The activation energy for thermal fission of the weaker N-O bond  

is ca. 250-270 kJ mol-1, and temperatures above 900 K are required to achieve measurable 

conversions according to reaction (R9). Since all bonding orbitals of nitrous oxide molecule  

are occupied, charge donation to antibonding orbitals is possible, weakening the N-O bond  

and lowering the activation energy and temperature needed for the reaction to occur [6]. 

For the catalytic decomposition of nitrous oxide, an oxidation-reduction mechanism  

is proposed, where the adsorption of nitrous oxide on the catalyst active site represented by ∗ 

(R10) is the first step followed by surface reaction (R11). The N-O bond is weakened by charge 

donation and broken, while the stronger N-N bond stays intact [6, 7, 18]. 

 N O( ) + ∗ ↔ N O −∗  (R10) 

 N O −∗ → N ( ) + O −∗  (R11) 

The catalyst active site is then regenerated via Langmuir-Hinshelwood mechanism  

by recombination of adsorbed oxygen species (R12), or via Eley-Rideal mechanism  

by  interaction of surface oxygen species and a gaseous nitrous oxide molecule (R13) [6, 7]. 

 2 O −∗ ↔ O ( ) + 2 ∗  (R12) 

 N O( ) + O −∗ → N ( ) + O ( ) + ∗  (R13) 

The presence of oxygen, water vapour, NO, SO2, SO3, CO, CO2 or halogens, which are often 

found in the mixtures containing nitrous oxide, may inhibit the catalytic reaction through 

competitive adsorption, irreversible catalyst poisoning, or alternative reactions [6, 7]. 

For direct catalytic decomposition of nitrous oxide, catalysts based on noble metals, transition 

metal oxides, and transition metal zeolites are studied most commonly. Catalyst containing  

Co, Cu, Rh or Ru generally exhibit the highest De-N2O activities [6, 7]. 

3.2.3. Oxidic catalysts for N2O direct catalytic decomposition 
Among the oxidic catalysts studied for nitrous oxide catalytic decomposition, the highest 

activities are exhibited by the oxides of transition metals of group VII (Rh, Ir, Co, Fe, Ni),  

some rare earth oxides (La), or CuO, CaO, SrO, V2O3, HfO2. Moderate activities are found  

for oxides of group III-VII metals (Mn, Ce, Th, Sn, Cr) and of group II metals (Mg, Zn, Cd). 

For oxides of the same metal, 3+ seems to be the optimal oxidation state [6]. 
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For bare oxides (Al2O3, CaO, Co3O4, Cr2O3, CuO, Fe2O3, In2O3, La2O3, MgO, NiO, SnO2, 

TiO2), a V-shaped correlation between the heat of formation and nitrous oxide decomposition 

rate was found. The oxides with lower values of heat of formation also exhibit stronger 

inhibition by oxygen. Since heat of formation points at metal-oxygen bond strength, this has 

been rationalized on the basis of oxygen adsorption/desorption kinetics. Based on density 

functional theory calculations, it was confirmed the removal of the adsorbed oxygen species  

is the rate-determining step of nitrous oxide decomposition on these catalysts [7]. 

For solutions of transition metal oxides in inert oxidic matrices, it was found the most dilute 

solutions exhibit the highest activity per transition metal ion and the weakest oxygen inhibition 

[6]. For the oxygen desorption as the rate-determining step [7], this suggests the isolation  

of the transition metal ions weakens the surface-oxygen bond and the migration of adsorbed 

oxygen species across the surface to recombine and desorb is eased [6, 18]. Furthermore,  

the isolation of the active sites prohibits dissociative oxygen adsorption, lowering its inhibition 

effect [6]. 

Perovskite-type oxides of transition metals offer good chemisorption ability and oxygen 

mobility, leading to good De-N2O activity. Their good structural and thermal stability and low 

cost make them particularly well-suited for high-temperature processes. They have general 

formula ABO3, where the A-site cation is most commonly La, the B-site cation is a 3d-transition 

metal (Cu, Cr, Fe, Co, Ni, Mn, Ti) primarily responsible for the catalytic activity [6, 7, 24]. 

Spinel-type oxides of 3d-transition metals exhibit good thermal stability and De-N2O activity. 

They have general formula AB2O4. In normal spinel structure, A is a divalent cation  

(Mg, Ca, Mn, Co, Ni, Cu, Cr, Fe, Zn) occupying tetrahedral sites and B is a trivalent cation  

(Cr, Fe, Co) in octahedral sites. In inverse spinel structure B(AB)O4, the tetrahedral sites  

are occupied by a half of the B ions, while the octahedral sites are occupied by the A ions  

and a half of the B ions. Mixed spinel structures of varying inversion degree 𝑥 can be described 

as (A B )(A B )O . A partial substitution of the A ions by other divalent 3d-transition 

metals allows further modification of the physicochemical properties of the spinel. As De-N2O 

catalysts, spinel-type oxides with cobalt as the B ion (MgCo2O4, ZnCo2O4 a Co3O4)  

are especially promising [6, 7, 25]. 

3.3. Solid catalysts 
Solid catalysts may generally consist of three types of components: active components, 

promoters and supports. The active component of the catalyst is primarily responsible  
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for the occurrence of the catalytic process in a given catalytic reaction. The activity, selectivity, 

stability and applicability of a catalyst are dependent on a number of properties such as  

the chemical composition of the active component, surface area, morphology, electronic 

properties of the active sites, mechanic durability etc. These properties can be influenced  

by other components (promoters, supports) and by the catalyst preparation technique  

and conditions [11–13]. 

While promoters themselves do not exhibit catalytic activity in a given catalytic reaction,  

a small amount of promoter can significantly improve the activity, selectivity or stability  

of a catalyst. Based on the nature and mechanism of the promoting effect, several groups  

of promoters can be distinguished. Structural promoters stabilize the surface structure  

of the catalyst active sites. Electronic promoters affect the electronic properties of the active 

component and influence the catalyst-reactant bond strength. Textural promoters stabilize  

the catalyst from sintering. Promoters lessening the influence of catalytic poisons are used  

as well [11, 21]. 

In general, catalysts can be divided in two groups: bulk catalysts and supported catalysts.  

Bulk catalysts are characterised by the lack of a support. In supported catalysts, the active 

components are dispersed on the support surface, leading to their better accessibility  

in the reaction and their more efficient utilisation. Subsequently, a lower amount of the active 

component is necessary, lowering the catalyst price. Apart from that, catalyst support  

may influence the morphology and chemical properties of the active components deposited,  

or it may act as a promoter. Supported catalysts generally have better mechanic properties  

and stability as well. Supported catalysts may be prepared either by deposition of the active 

components on a pre-made support, or by one-shot synthesis of the supported catalyst system 

[11, 12, 22]. 

The improved mechanic properties of supported catalysts ease their shaping into extrudates, 

pellets, rings etc. Shaped catalysts offer lower pressure drop and better mass and heat transport 

in the catalyst bed. While catalysts in the form of pellets are most commonly used, catalysts  

on structured supports are potentially even more advantageous. Structured supports may have 

the form of monoliths with parallel thin-walled channels, wire gauzes, or open-cell solid foams. 

In addition to the advantages found in shaped catalysts, structured supports offer high geometric 

surface area and allow the deposition of the active components in a thin layer, minimising  

the impact of internal diffusion [11–13, 21, 22]. Catalysts on solid foams offer more turbulent 
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flow of the passing liquid leading to a more intense mass and heat transport  

in the catalyst bed, as compared to monoliths [23–25]. 

Catalysts on structured supports are prepared by a variety of deposition methods.  

Direct deposition of the active components on the support may be difficult with regards  

to the amount of the deposited active components or their adhesion to the support, or even 

undesirable if the support specific surface area is too small or the support-active component 

interaction is unfavourable. In these cases, it is possible to first deposit a washcoat with more 

favourable properties, on which then the active components are deposited [12, 13, 22]. 

3.4. Co3O4-based catalysts 
3.4.1. Co3O4-based catalysts for N2O direct catalytic decomposition 

Co3O4-based materials are studied as catalysts for a variety of redox catalytic reactions  

[26–28]. For nitrous oxide catalytic decomposition, the octahedral Co3+ ions act as the active 

sites, based on the loss of activity observed upon their gradual substitution with non-reducible 

Al3+ ions, whereas the substitution of Co2+ with Mg2+ did not influence the activity significantly 

[29]. For the octahedral Co3+ ions, the reaction activation energy was calculated  

to be 15~17 kcal mol-1, for the tetrahedral Co2+ ions the activation energy is 17~28 kcal mol-1. 

The N-O bond of a nitrous oxide molecule is weakened by charge donation from the easily 

accessible highest occupied 𝑑  molecular orbital of the oxide located on the Co3+ sites.  

Partial overlap of the orbitals of neighbouring Co3+ ions also allows electron migration across 

the crystal surface. The Co3+ ions are involved in the migration of adsorbed oxygen species  

and their recombination and desorption as well [7, 29, 30]. 

The De-N2O activity of Co3O4-based catalysts generally increases with decreasing crystallite 

size, easier oxygen desorption and easier reducibility. Smaller crystallite size leads to a larger 

specific surface, increasing the accessibility of the active sites. The increase in activity observed 

with easier reducibility is in agreement with the proposed redox mechanism of the catalytic 

reaction. Easier oxygen desorption facilitates active site regeneration and lowers the inhibition 

effect of oxygen. For supported catalysts, the dispersion of the active phase on the support  

is an important factor influencing the active site accessibility. If a promoter is present,  

its distribution on the catalyst surface and its dispersion on the active phase may affect  

its efficiency [7–9, 31, 32]. 
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3.4.2. Co3O4-based catalysts with alkali metal promoters for N2O direct catalytic 

decomposition 
For metal oxide catalysts, alkali metals (Li, Na, K, Cs) are often used as electronic promoters 

[7]. For Co3O4-based De-N2O catalysts, a significant improvement of catalytic activity  

is observed for Cs and K promoters, even in the presence of water vapour and oxygen  

in the feed [8–10]. Alkali metal promoters increase the catalyst stability as well [9, 33]. Alkaline 

earth metal promoters exhibit similar effects [34]. 

The increase in catalyst De-N2O activity correlates well with shifts towards lower temperatures 

observed in temperature-programmed reduction by hydrogen and in temperature-programmed 

desorption of oxygen, and with the decrease of surface electron work function, as related  

to the alkali metal promoter content. Reduction by hydrogen occurring at lower temperatures 

suggests the presence of more easily reducible active sites, in agreement with the oxidation-

reduction nature of the reaction. Desorption of oxygen occurring at lower temperatures 

translates to a lower surface coverage by oxygen species formed during the reaction or adsorbed 

from the feed. Work function represents the energy needed for an electron to be emitted, that 

is, lower work function points at easier electron emission, the catalyst being a stronger electron 

donor. This translates to easier fission of the N-O bond of a nitrous oxide molecule as well as 

easier surface migration of adsorbed oxygen [7, 9, 10, 33, 35]. 

The electronic nature of the promoting effect is explained by the formation of surface dipoles 

surrounding the alkali metal ions on the surface of the catalyst leading to the increase of electron 

density on cobalt ions. The weakening of the promoting effect at higher alkali metal contents  

is caused by their mutual depolarization. The strength of the dipole moment depends on the size 

of the alkali metal ion [10, 35]. It has also been hypothesised that the promotional effect  

of alkali metals is based on the strengthening of the charge-donating properties of oxygen 

anions, stabilizing Co2+ ions and facilitating their regeneration from Co3+ ions formed during 

the De-N2O reaction [8, 9]. 

For Co3O4-based alkali metal-promoted catalysts, the influence of the promoter precursor  

and the promoter deposition technique is studied as well. For Cs-promoted Co3O4 catalysts,  

the promoting effect is significantly stronger for catalysts prepared with carbonate  

Cs-precursor, as compared to hydroxide, nitrate or acetate precursors. The presence  

of carbonate ions on the catalyst surface possibly leads to better dispersion of the promoter  

or to stronger surface dipoles [33]. 
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For K-promoted Co3O4 catalysts, is was found that a relatively thermostable K-precursor 

(sulphate, chloride) leads to a weaker promoting effect than is observed for other precursors 

(hydroxide, nitrate, hydrogencarbonate or acetate) due to the presence of residual precursor 

anion on the catalyst surface [31]. The precursor used also influences the optimal promoter 

loading [35]. 

It was found the deposition of the promoter on cobalt precursor (carbonate) leads to higher 

activity of the resultant catalyst, compared to the deposition of the promoter on Co3O4.  

During the calcination of promoter-loaded cobalt precursor, the promoter is possibly 

incorporated into the catalyst crystal structure and thus influences its electronic structure [34]. 

3.4.3. Bulk Co3O4-based catalysts prepared by solution combustion synthesis 
Solution combustion synthesis is a preparation method usually producing fine, crystalline metal 

or oxidic powder with large surface area. A solution containing a metal precursor and an organic 

fuel is heated to remove the solvent and ignite the mixture. The subsequent exothermic reaction 

of the metal precursor (oxidising agent) and the fuel (reducing agent) leads to the formation  

of the products. During the reaction, a large amount of gases is produced, preventing crystallite 

growth and agglomeration and leading to a finely developed microstructure of the product. 

While the high temperatures reached during the reaction may facilitate crystallite growth, 

agglomeration and even sintering, this is usually prevented by the rapid proceeding  

of the reaction [12, 36–38]. The rapid exothermic reaction might lead to high heating  

and subsequently cooling rates, leading to the formation of a large number of structural defects, 

which may serve as catalyst active sites [37, 39, 40]. 

As metal precursors, nitrates are often used for their oxidizing properties and high solubility  

in water. As fuel, glycine or urea is often used. The properties of the product depend  

on the precursor and fuel used (reaction mechanism) and the fuel-to-oxidizer ratio (the amount 

of gases formed, reaction temperature) [41, 42]. The product properties may be optimised  

by using mixed fuel [43]. If a mixture of metal precursors is used, mixed or doped oxides  

can be produced as well [26, 31, 32]. 

Solution combustion synthesis of Co3O4-based materials with Co(NO3)2 as cobalt precursor  

and glycine [26, 31, 38, 44], urea [38, 41, 44], aspartic acid [42], lysine [45, 46], 

ethylenediaminetetraacetic acid [46], or tris(hydroxymethyl)aminomethane [45] as fuel  

is reported. 
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The influence of the preparation method on the properties of K-promoted Co3O4 De-N2O 

catalysts was studied. The catalysts were prepared by (i) impregnation of Co3O4 or CoCO3  

with KNO3, (ii) one-shot solution combustion synthesis from a solution containing Co(NO3)2, 

KNO3 and glycine, or by (iii) impregnation of cobalt precursor, prepared either by precipitation  

of Co(NO3)2 by urea, gradual oxidation of Co(NO3)2 by NaOH and NaNO3, or hydrothermal 

synthesis from CoCl2 with urea, with KNO3 [31]. The catalysts prepared by gradual oxidation  

and by hydrothermal synthesis exhibited significantly large crystallite size, worse reducibility 

and oxygen desorption, and lower catalytic activity compared to the other catalysts. The highest 

De-N2O catalytic activities under dry conditions were exhibited by the catalysts prepared  

by impregnation of CoCO3 and of Co3O4. Under wet conditions, the catalysts prepared  

by precipitation with urea and by solution combustion synthesis with glycine exhibited 

comparable activities as well. The highest specific surface areas were found on the catalysts 

prepared by impregnation of CoCO3 and by precipitation with urea. The catalyst prepared  

by combustion synthesis had a significantly smaller specific surface area despite having 

comparably small crystallite size [31]. 

The influence of the preparation method on the properties of Pd-promoted Co3O4 methane 

oxidation catalysts was studied. The catalysts were prepared by (i) precipitation of Co(NO3)2 

by (NH4)CO3, (ii) solution combustion of Co(NO3)2 with glycine or urea, where the resultant 

Co3O4 was then impregnated with Pd(NO3)2, or by (iii) one-shot solution combustion synthesis 

from a solution containing Co(NO3)2 and Pd(NO3)2. The catalysts prepared by solution 

combustion synthesis exhibited higher catalytic activities than the catalysts prepared  

by precipitation, despite having a smaller specific surface area. The increase in activity  

is attributed to the presence of reduced cobalt species [44]. The catalysts prepared by one-shot 

combustion synthesis exhibit still higher catalytic activities, thanks to the incorporation  

of the promoter into the spinel structure [26, 44]. For urea as fuel, the smallest crystallite size 

and highest catalytic activity was exhibited by the catalyst prepared using a sub-stochiometric 

fuel-to-oxidizer ratio [41]. 

3.4.4. Supported Co3O4-based catalysts prepared by organic-assisted 

impregnation 
Impregnation method is often used for preparation of supported catalysts for its simplicity.  

The support is contacted with a solution containing the precursor of the supported phase,  

and subsequently is aged, dried and calcined. Two types of impregnation are distinguished: 
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incipient wetness impregnation, where the volume of the solution is lower or equal  

to the support total volume, and wet impregnation, where an excess of the solution is used.  

For preparation of structured catalysts, impregnation is performed either directly  

on the structured support, or following the deposition of a washcoat to obtain a more suitable 

catalyst support [11, 12, 22]. 

The deposition of the precursors is influenced by the solution composition, the support 

characteristics and the conditions (temperature, time) of the impregnation, which influence  

the wettability of the support and its penetration by the precursor solution. The characteristics 

of the resultant catalyst are dependent on the post-treatment as well. The calcination conditions 

(rate of heating, temperature, time, atmosphere) and the precursor-support interactions  

may influence the precursor decomposition mechanism. At high temperatures, sintering  

of the product may occur [11, 12, 22, 47].  

The properties of the catalyst may be improved by the presence of a suitable compound  

in the impregnation solution, influencing either the precursor deposition or the product 

formation. This may lead e.g. to a modification of the active phase crystallite size and dispersion 

on the surface of the resultant catalyst, or the distribution of the active phase in the support 

depth-profile [27, 39, 47]. In organic-assisted impregnation, the precursor may undergo a local 

redox reaction with the organic compound on the support surface during the calcination step. 

Similar to combustion synthesis, the production of gases during the reaction leads to the 

development of the product microstructure, better crystallite size and dispersion [37, 48]. 

The preparation of Co3O4-based supported catalysts by organic-assisted impregnation  

using solutions of Co(NO3)2 and glycerol [32, 39, 47, 48], ethylenediamine [27], acetic acid 

[49], cyclodextrin [28, 50], urea [39, 47], citric acid [39], or glycine [39] as the organic agent 

is reported. 

Preparation of Co3O4 De-N2O catalysts supported on alumina by organic-assisted impregnation 

from a solution containing Co(NO3)2 and glycerol or urea leads to catalysts exhibiting small 

crystallite sizes distributed in relatively narrow ranges, compared to a catalyst prepared  

by organic-free impregnation. The catalysts prepared by organic-assisted impregnation 

exhibited higher N2O conversions and specific activities as well [47]. For glycerol-assisted 

impregnation, the results of thermogravimetric analysis suggest the formation of cobalt 

monoglycerolate as the cobalt precursor. The N2O conversion on the resultant catalysts 

increases with the glycerol content of the impregnation solution. The improved catalytic 
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activity, compared to the catalyst prepared by conventional impregnation, is retained  

in the presence of NOx, water, and oxygen in the reaction mixture [48]. 

Preparation of Co3O4 catalysts for volatile organic compounds oxidation by organic-assisted 

impregnation from a solution containing Co(NO3)2 and ethylenediamine, with ZrO2, ZrO2-Y2O3 

or alumina as supports leads to an improvement of crystallite dispersion, thanks to the formation 

of complex ions as cobalt precursors. The catalysts exhibit higher stability to sintering,  

better reducibility and higher activity for catalytic oxidation of toluene. The optimal  

organic-to-cobalt ratio was found to be 1:1 [27]. 

Preparation of Co3O4 methane oxidation catalysts supported on alumina by organic-assisted 

impregnation from a solution containing Co(NO3)2 and citric acid, urea, glycerol, glycine  

or cobalt acetate is reported. The catalysts exhibited smaller crystallite size, better dispersion, 

higher specific surface area and higher catalytic activity compared to a catalyst prepared  

by conventional impregnation. Among the catalysts prepared by organic-assisted impregnation, 

comparable crystallite sizes and specific surface areas were found. The improvement  

of the active phase dispersion was the most pronounced for catalysts prepared with glycerol  

or glycine. The catalysts prepared with glycerol, glycine or cobalt acetate exhibited the highest 

catalytic activities. For these catalysts, the temperatures reached due to the combustion reaction 

observed during the preparation were the lowest and the combustion velocities the highest.  

The faster course of the reaction may result in a higher number of structural defects  

in the resultant catalyst [39]. 

Preparation of Co3O4 formaldehyde oxidation catalysts supported on ZrO2 by organic-assisted 

impregnation from a solution containing Co(NO3)2, cobalt acetate or cobalt acetylacetonate  

and α-cyclodextrin, β-cyclodextrin or γ-cyclodextrin is reported. The analyses of the solutions 

and deposited precursors suggest different kinds of interaction between the reagents, depending 

on the cobalt precursor used. The nitrate forms a chelate with cyclodextrins,  

while the acetylacetonate forms non-stochiometric complexes. These lead to catalysts  

with improved dispersion, reducibility and catalytic activity. On the other hand, when using 

cobalt acetate, the support surface is blocked by cyclodextrin aggregates during  

the impregnation, leading to a catalyst exhibiting inferior activity. The cyclodextrin used only 

influences the optimal organic-to-cobalt ratio [28, 50]. 
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4. EXPERIMENTAL PART 
Catalyst preparation, N2O decomposition catalytic tests and preparation of samples for catalyst 

characterization was carried out as a part of the diploma thesis. Catalyst characterization 

measurements were performed by the team of Institute of Environmental Technologies  

(VSB-TU Ostrava). 

4.1. Catalyst preparation 
Co3O4-based catalysts for N2O direct catalytic decomposition were prepared by organic-

assisted impregnation of ceramic foam structured supports with aqueous solutions containing 

Co(NO3)2 as cobalt precursor and an organic agent. For preparation of Cs-promoted catalysts, 

CsNO3 was added to the impregnation solution as Cs precursor. The ceramic foam structured 

supports were first cleaned in ethanol and dried in air at 105 °C to constant weight.  

The pre-heated supports were then submerged in impregnation solutions heated to 60 °C  

for 20 minutes, and subsequently dried in air at 105 °C for 4 hours and calcinated in air  

at 500 °C for 2 hours with heating rate of 4 °C min-1. Photograph of ceramic foam  

used as support can be seen in Appendix 1, photographs of prepared catalyst are presented  

in Appendix 2. 

The following materials were used for the catalyst preparation: (i) active components 

precursors: Co(NO3)2∙6H2O (p.a., lach:ner), CsNO3 (99,99 %, Aldrich); (ii) organic 

impregnation agents: acetic acid (p.a, PENTA), citric acid (99 %, PENTA), glycerol  

(p.a., PENTA), glycine (p.a., PENTA), urea (p.a., PENTA); (iii) support: Si-Al ceramic foams 

(VUKOPOR A, 20 ppi porosity, 48 mm diameter, 20 mm height, cylindric shape, LANIK).  

4.1.1. Catalysts preparation using different organic impregnation agents  

(Org series) 
To determine a suitable organic impregnation agent, catalysts were prepared using 

impregnation solutions containing various organic agents (acetic acid, citric acid, glycerol, 

glycine, urea), with organic-to-cobalt molar ratio in the impregnation solution being 1:1.  

The solutions were prepared in a volume of 75 ml with cobalt nitrate concentration and organic 

agent concentration both equal to 1.955 mol l-1 by dissolving weights of Co(NO3)2∙6H2O  

and an organic agent, as shown in Table 2. The catalysts were labelled Org(Abr) using  

an abbreviation of the organic agent used. 
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Table 2. Preparation of impregnation solutions for the Org series catalysts (organic-to-cobalt 
molar ratio 1:1) 

Sample Organic agent 𝑚 ( ) ⋅  

(g) 

𝑚  

(g) 

Total volume 

(ml) 

Org(-) - 

42.667 

0 

75 

Org(Ace) acetic acid 13.501 

Org(Cit) citric acid 11.005 

Org(Glr) glycerol 28.166 

Org(Gly) glycine 8.804 

Org(Ure) urea 8.805 

4.1.2. Catalysts preparation using different glycerol-to-cobalt ratio (Glr series) 
Based on the results of the Org series catalysts, glycerol was chosen as the organic impregnation 

agent for further optimization of the De-N2O catalyst. As glycerol is freely miscible with water, 

preparation of catalysts with higher active phase loading is possible. Active phase loading  

of 𝑤 = 6 % was chosen based on previous research (unpublished results). 

To optimize glycerol-to-cobalt ratio of the impregnation solution for glycerol-assisted 

impregnation, catalysts were prepared using impregnation solutions with glycerol-to-cobalt 

molar ratio of 𝑟 = (0, 1, 2) (Eq. 1). The solutions were prepared by dissolving weights  

of Co(NO3)2∙6H2O in a solvent prepared by mixing volumes of glycerol and water, as shown  

in Table 3. The catalysts were labelled Glr(𝑟 ) using an integer to represent the molar ratio.  

𝑟 = (𝑚𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙)(𝑚𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑜 𝑖𝑜𝑛𝑠)  (Eq. 1) 

Table 3. Preparation of impregnation solutions for the Glr series catalysts 
Sample 𝑟  

(-) 

𝑚 ( ) ⋅  

(g) 

𝑉  

(ml) 

𝑉  

(ml) 

Glr(0) 0 

50.400 

0 25 

Glr(1) 1 12.5 12.5 

Glr(2) 2 25 0 
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4.1.3. Preparation of catalysts with different Cs-promoter loading (Glr-Cs series) 
For further preparation of catalysts by glycerol-assisted impregnation, the optimal glycerol- 

to-cobalt molar ratio in the impregnation solution 𝑟 = 1 was used. 

To optimize Cs-promoter content of the catalyst active phase, catalysts were prepared using 

impregnation solutions containing different amount of CsNO3, resulting in nominal content  

of cesium in the active phase expressed as the cesium-to-cobalt-oxide mass ratio (Eq. 2)  𝜁 ,  = (1–6) wt. % of Co3O4. The solutions were prepared by dissolving weights  

of Co(NO3)2∙6H2O and CsNO3 in a solvent prepared by mixing volumes of glycerol and water, 

as shown in Table 4. The catalysts were labelled Glr-Cs(𝜁 , ) using integer to represent  

the nominal content of cesium in the catalyst active phase. 

𝜁 = (𝑚𝑎𝑠𝑠 𝑜𝑓 Cs)(𝑚𝑎𝑠𝑠 𝑜𝑓 Co O ) (Eq. 2) 

Table 4. Impregnation solutions for the Glr-Cs series catalysts 
Sample 𝜁 ,  

(wt. % of Co3O4) 

𝑚 ( ) ⋅  

(g) 

𝑚  

(g) 

Solvent 

(ml) 

Glr-Cs(1) 1 

50.400 

0.225 

12.5 glycerol+12.5 water  

Glr-Cs(2) 2 0.450 

Glr-Cs(3) 3 0.675 

Glr-Cs(4) 4 0.900 

Glr-Cs(5) 5 1.125 

Glr-Cs(6) 6 1.350 

4.2. Catalyst characterization 
To determine the catalyst active phase elemental composition, atomic absorption spectroscopy 

(AAS) was used. To characterize the surface area of the catalysts, nitrogen physisorption (BET) 

was used. To investigate the catalyst surface arrangement, scanning electron microscopy (SEM) 

was used. To characterize the oxidation-reduction properties of the catalysts, temperature-

programmed reduction by hydrogen (TPR-H2) was used. To characterize the crystallographic 

properties of the catalysts, X-ray diffraction analysis (XRD) was used. 

Ceramic foam supports were characterised using BET and XRD. The catalysts prepared  

with different organic impregnation agents (Org series) were characterised using BET, SEM, 

TPR-H2 and XRD. The catalysts prepared with different glycerol-to-cobalt ratio (Glr series) 
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were characterised using BET, SEM, TPR-H2 and XRD. The catalysts prepared with different  

Cs-promoter content (Glr-Cs series) were characterised using AAS, TPR-H2 and XRD. 

4.2.1. Atomic absorption spectroscopy 
Atomic absorption spectroscopy (AAS) allows quantitative elemental analysis of metal 

elements. The method is based on measuring the absorption of monochromatic radiation  

in atomised sample. The wavelength of the absorbed radiation is characteristic for each element, 

and the absorbance is proportional to its concentration in the sample. For sample atomisation, 

flame and electrothermal atomisers are most commonly used [51]. 

The amounts of Co and Cs in the samples were determined using ContrAA700 (Analytik Jena) 

spectrometer with flame atomisation. Samples were prepared by dissolving 1 g of the catalyst 

in 2 ml HCl and 6 ml HNO3 under microwave heating at 220 °C for 30 min with heating rate 

of 14 °C min-1 using Ethos Up (Milestone) microwave digestion system. 

4.2.2. Nitrogen physisorption 
Nitrogen physisorption allows determination of the catalyst surface area, as well as estimation 

of pore shape, size distribution and total volume. The method is based on measuring nitrogen 

adsorption-desorption isotherm, that is, the amount on nitrogen adsorbed on the sample  

as a function of N2 partial pressure at constant temperature. After initial evacuation, the sample 

is cooled by liquid nitrogen and N2 is gradually introduced and the equilibrated pressure  

is noted. Using Brunauer-Emmett-Teller adsorption theory (BET), the N2 volume adsorbed  

at monolayer coverage can be calculated. Based on the number of N2 molecules covering  

the surface and the N2 molecule cross-section, the sample surface area can be determined [52]. 

Nitrogen physisorption was carried out using 3Flex (Micromeritics) automated volumetric 

apparatus. The samples were degassed at 150 °C for more than 24 h at vacuum below 1 torr, 

and nitrogen adsorption-desorption isotherms were measured at -196 °C. Specific surface area 

was calculated using BET theory for 𝑝/𝑝  range of 0.05-0.25. The samples were prepared  

by crushing the catalysts and milling in Pulverisette 6 (Fritsch) planetary mill using zirconia 

grinding mill and balls and sieved to obtain particles of particle size below 165 μm. 

4.2.3. Scanning electron microscopy 
Scanning electron microscopy (SEM) allows elemental and topographic imaging of the sample 

surface. The method is based on the interaction of a focused electron beam with the sample. 

The incident electrons ionize the electrons of the sample, causing their emission from a thin 
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layer of the sample. These secondary electrons provide information about the surface 

topography. A part of the incident electrons is reflected by the sample atoms,  

proportional to their atomic number. These backscattered electrons provide information about 

the elemental distribution on the surface. Scanning the electron beam across a surface area 

results in a high-resolution, high-magnification image of the surface [52]. 

For SEM imaging, Quanta FEG 450 (FEI) scanning electron microscope was used.  

Images were taken by secondary electron and backscattered electron detectors at an accelerating 

voltage of 15 kV. 

4.2.4. Temperature-programmed reduction by hydrogen 
Temperature-programmed reduction by hydrogen (TPR-H2) allows determination  

of the number and reducibility of catalyst redox active sites. The method is based on measuring 

the hydrogen consumption during sample reduction. The sample is exposed to a gas mixture 

containing H2 at a constant flow rate, while the temperature is linearly increasing.  

Continuous measurement of the outlet H2 content allows following the extent of the reduction 

as a function of temperature [52]. 

For TPR-H2 analysis, AutoChem II 2920 (Micromeritics) automated catalyst characterization 

system was used. Samples were cleaned in Ar flow under 450 °C for 60 min.  

Temperature-programmed reduction was carried out in 10 mol. % H2/Ar flow of 50 ml min-1 

with temperature ramp 20 °C min-1 in temperature range 40-995 °C, and then at constant 

temperature for 5 min. For catalysts with cesium content temperature range 40-450 °C  

was used, with 40 min at constant temperature. The samples were prepared by crushing  

the catalysts and milling in Pulverisette 6 (Fritsch) planetary mill using zirconia grinding mill 

and balls and sieved to obtain particles of particle size below 165 μm. 

4.2.5. X-ray diffraction analysis 
X-ray diffraction analysis (XRD) allows determination of crystal structures present  

in the sample and based on that qualitative and semiquantitative phase composition analysis,  

as well as crystallite size estimation. The method is based on elastic scattering of X-ray radiation 

on the sample electrons. The phase shift of the scattered waves is dependent on the incident 

radiation wavelength 𝜆, incident angle 𝜃 and distance between the diffracting planes 𝑑. 

Constructive interference occurs if the scattered waves are in phase, that is, if their optical path 
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difference Δ𝑥 is an integer multiple of their wavelength. This is expressed by Bragg’s law  

(Eq. 4, Figure 2) for any integer 𝑁 [52]. 

 
Figure 2. Principle of X-ray diffraction analysis [52] 

sin 𝜃 = Δ𝑥/2𝑑  (Eq. 3) Δ𝑥 = 2 𝑑 sin 𝜃 = 𝑁 𝜆  (Eq. 4) 

The dependence of intensity of the detected radiation on the diffraction angle 2𝜃 is measured. 

In crystalline materials, due to the periodic arrangement of the scattering centres, the interplanar 

distances are well defined, leading to sharp diffraction peaks at corresponding 2𝜃 values.  

These provide information about the crystal plane distances present in the sample,  

allowing phase composition analysis. Crystallite size can be estimated based on the diffraction 

peak breadth according to Scherrer equation [52]. 

For XRD analysis, SmartLab (Rigaku) diffractometer with Bragg-Bertrano geometry,  

CoKα lamp (𝜆 = 0.179 nm) operated at 40 kV and 40 mA and D/teX Ultra 250 detector  

was used. Measurement was carried out in the 2𝜃 range of 5-90° with a step of 0.01°  

at the speed of 0.50° min-1, with the sample rotating at 30 rpm. Crystallite size was calculated 

according to Scherrer equation The samples were prepared by crushing the catalysts and milling 

in Pulverisette 6 (Fritsch) planetary mill using zirconia grinding mill and balls and sieved  

to obtain particles of particle size below 165 μm. 

d 

θ 

θ 

(Δx)/2 (Δx)/2 
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4.3. N2O decomposition catalytic tests 
4.3.1. ‘Gasmix’ experimental apparatus 
A schema of ‘Gasmix’ experimental apparatus used for the catalytic tests is provided  

in Figure 3. The main components of the apparatus are: 

- cylinders containing pure gases and calibration gas mixtures, 

- a computer-controlled apparatus for mixing the source gases, 

- a reactor placed in a furnace with thermostat-controlled electric heating, and 

- an infrared N2O analyser. 

Gases for the preparation of the reaction mixture provided from cylinders containing  

N2 (4.7, SIAD), O2 (3.0, SIAD), N2O/N2 (3 mol. % N2O, SIAD), NO/N2 (2 mol. % NO, SIAD) 

are dosed by computer-controlled gas flow controllers (Aalborg) and mixed. Water vapour  

may be added to the mixture by running part of the N2 flow through a water saturator. To prevent 

the condensation of the water vapour in the capillaries, the lines are heated to 90 °C by heating 

tapes (Maneko). A probe (Sensorika) is used to measure the temperature and relative humidity 

of the mixture. The resultant gas mixture may be routed to the reactor or bypassed for inlet gas 

analysis. 

The apparatus is equipped with probes (JSP) to measure the pressure of the mixture upstream 

and downstream of the reactor. A 50 mm inner diameter stainless-steel tube reactor  

with a preheating section is placed in an electric furnace equipped with a programmable 

temperature controller (Ht Industry) and 6 thermocouples positioned along the reactor.  

The reactor is filled with inert ceramic rings, with the catalyst placed in the constant temperature 

zone. A schema of the reactor and the catalyst placement is provided in Figure 4. 

In case water vapour is present in the gas mixture, the output gas mixture is cooled to 2 °C  

in an electric compressor cooler (AGT Thermotechnik) prior to analysis to remove water 

vapour. For the gas analysis, an infrared N2O analyser (GMS 810 Series, Sick) is used.  

The analyser was zeroed with N2 (4.7, SIAD) and calibrated with a certified calibration mixture 

(995 ppm N2O/N2, SIAD) at the flow rates used in the measurements. 

The apparatus allows the testing of shaped catalysts at a total flow rate 300-2000 ml/min, 

temperature 100-500 °C and pressure 100-200 kPa. 

Photographs of the electric furnace, temperature controller and thermocouples can be seen  

in Appendix 3, photograph of the reactors used is presented in Appendix 4. 
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Figure 3. ‘Gasmix’ experimental apparatus schema 
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Figure 4. Reactor and catalyst placement schema (adapted from [13]) 

4.3.2. Catalytic test conditions 
The catalytic tests were carried out in temperature range of 450-300 °C at atmospheric pressure. 

Prior to the catalytic tests, the samples were heated to 450 °C at the rate 6 °C/min and held  

at 450 °C under nitrogen flow to clean the surface from adsorbed species for 1 hour.  

Then, the reaction mixture was introduced and N2O content of the outlet gas was measured 

continuously. The inlet gas mixture composition was measured at the beginning and at the end 

of each catalytic test.   

For unpromoted samples, catalytic test was carried out in ‘inert gas’ conditions  

(0.1 mol. % N2O, balance N2), while the samples containing Cs were tested in ‘inert gas’ 

conditions as well as ‘process gas’ conditions (0.1 mol. % N2O, 5 mol. % O2, 2 % mol. H2O,  

0-0.02 mol. % NO, balance N2) simulating nitric acid plant tail-gas composition. The volume 

flow rate of the inlet gas mixture was determined based on the volume of the catalyst bed  

and desired gas hourly space velocity 𝐺𝐻𝑆𝑉 (20 °C, 101 325 Pa) (Eq. 5). 
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𝐺𝐻𝑆𝑉 = (𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑙𝑒𝑡 𝑔𝑎𝑠)(𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑏𝑒𝑑)  (Eq. 5) 

To determine the volume of the catalyst bed, the diameters and heights of the structured 

supports were measured prior to the catalyst preparation. With the support height  

46.9–47.4 mm and diameter 18.9–19.3 mm, the catalyst bed volumes were in the range  

of 32.9–33.8 ml. For the Org series catalysts, 𝐺𝐻𝑆𝑉 (20 °C, 101 325 Pa) =1080 (m  h )  (m )  was chosen, and for the Glr and Glr-Cs series catalysts 𝐺𝐻𝑆𝑉 (20 °C, 101 325 Pa) = 1500 (m  h )  (m )  was used, resulting in inlet gas 

volume flow rates of 592–609 ml min-1 and 822–845 ml min-1 respectively. 

4.3.3. Evaluation of the catalytic tests 
During the catalytic test, N2O mole fraction in the outlet gas was evaluated at temperatures  

300, 330, 360, 390, 420, 450 °C. The final value of N2O mole fraction in the outlet 𝑥 ,   

for each temperature was obtained as arithmetic mean of the values obtained at steady state. 

The inlet gas mole fraction 𝑥 ,  was determined as arithmetic mean of the value obtained  

at the beginning and at the end of the catalytic test. N2O conversion 𝑋  was calculated 

assuming constant volume flow rate of the reaction mixture along the reactor (Eq. 6). 𝑋 = 𝑥 , − 𝑥 ,𝑥 ,  (Eq. 6) 

While N2O decomposition according to (R9) leads to an increase in the total mole flow rate  

of the mixture, thanks to the low N2O concentration in the inlet gas the error of the calculated 

conversion is negligible. 

 2 N O → 2 N + O   (R9) 

For the outlet N2O mole fraction (Eq. 7) the outlet mole flow of N2O �̇� ,  can be expressed 

using inlet N2O mole flow �̇� ,  and real N2O conversion 𝑋 ,  (Eq. 8). The total outlet mole 

flow of the reaction mixture ∑ �̇�  is given by total inlet mole flow ∑ �̇�  and the reaction change 

of the mole flow ∑ Δ �̇� (Eq. 9). The reaction change of the mole flow can be expressed  

using real N2O conversion according to stoichiometry of (R9) (Eq. 10). 

𝑥 , = �̇� ,∑ �̇�  (Eq. 7) �̇� , = �̇� , ⋅ 1 − 𝑋 ,  (Eq. 8) 
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�̇� = �̇� + Δ �̇� (Eq. 9) 

Δ �̇� = 12 ⋅ �̇� , ⋅ 𝑋 ,  (Eq. 10) 

Therefore, the relation between N2O conversion 𝑋  calculated according to (Eq. 6)  

and the real N2O conversion can be expressed (Eq. 11). This can be used to calculate  

the absolute 𝐸  (Eq. 12) and relative 𝐸  (Eq. 13) error of the calculated N2O conversion 

dependency on the real conversion value. For N2O concentration in the inlet gas 0.1 mol. %  

the absolute error of the calculated N2O conversion is below 0.0125 % and the relative error 

does not exceed 0.05 %, as presented in Figure 5. 

𝑋 = 1 − 1 − 𝑋 ,1 + 12 ⋅ 𝑥 , ⋅ 𝑋 ,  (Eq. 11) 

𝐸 𝑋 = 𝑋 , − 𝑋  (Eq. 12) 𝐸 𝑋 = 𝑋 , − 𝑋𝑋 ,  (Eq. 13) 

 
Figure 5. Dependency of absolute and relative error of the calculated N2O conversion on real 
N2O conversion 

From repeated tests, the absolute error of the calculated N2O conversion was determined  

to be ± 5 % [13]. 
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5. RESULTS AND DISCUSSION 
5.1. Catalysts prepared with different organic impregnation agents  

(Org series) 
Acetic acid, citric acid, glycerol, glycine and urea were tested as organic impregnation agents 

for preparation of Co3O4 catalysts supported on ceramic foam for N2O decomposition. 

During calcination, the organic agent undergoes combustion reaction and influences the active 

phase structure by development of gasses and heat. The combustion reaction temperature  

and the amount of gasses formed are the most important factors determining the product 

microstructure [36, 37, 48]. Since the organic-to-cobalt molar ratio in the impregnation solution 

was the same for all of the Org series catalysts, the influence of the gas development can be 

estimated based on the total oxidation reaction of the organic agent (R14-R18), that is,  

on the sum of stoichiometric coefficients of gaseous products formed ∑ 𝜈 without taking  

the reaction of the Co(NO3)2 in account. H2O, CO2 and NO2 are assumed as the gaseous 

products. Similarly, the influence of the heat developed during calcination can be estimated 

based on the standard heat of combustion of the organic agent alone. The values of standard 

heat of combustion Δ 𝐻° [53] of the organic agents as well as the values of ∑ 𝜈 are presented 

in Table 5. For both parameters, the highest values are observed for citric acid and glycerol. 

Acetic acid:  C H O   2 CO + 2 H O  ; 𝜈 = 4 (R14) 

Citric acid:  C H O   6 CO + 4 H O  ; 𝜈 = 10 (R15) 

Glycerol:  C H O   3 CO + 4 H O  ; 𝜈 = 7 (R16) 

Glycine:  C H O N  2 CO + 2.5 H O + NO   ; 𝜈 = 5.5 (R17) 

Urea:  CH ON   CO + 2 H O + 2 NO   ; 𝜈 = 5 (R18) 
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Table 5. Amount of gasses formed during combustion and standard heat of combustion 
Sample Organic agent ∑ 𝜈  

(1) 

−Δ 𝐻° [53] 

(MJ / mol) 

Org(-) none 0 0 

Org(Ace) acetic acid 4 0.874 

Org(Cit) citric acid 10 1.96 

Org(Glr) glycerol 7 1.654 

Org(Gly) glycine 5.5 0.975 

Org(Ure) urea 5 0.635 

5.1.1. Results of catalyst preparation 
The weights of the supports prior to impregnation and the weights of the samples post 

calcination used to determine the mass fractions of the active phase deposited on the total 

weights of the catalyst are presented in Table 6. The amounts of active phase deposited  

as expressed by the mass fractions are comparable. 

Table 6. Org series catalyst weights and active phase mass fractions 
Sample 𝑤  

(wt. %) 

Sample 𝑤  

(wt. %) 

Org(-) 3.1 Org(Glr) 3.2 

Org(Ace) 3.2 Org(Gly) 3.2 

Org(Cit) 3.4 Org(Ure) 3.1 

In the Org(Cit) catalyst unprompted mechanical loss of the active phase was observed  

after calcination. The sample was only weighted and tested after the loosely attached portion  

of the active phase was mechanically removed. Weak adhesion of the active phase to the support 

is a severe hindrance to the catalyst applicability. 

5.1.2. Results of catalyst characterization 
The catalysts prepared with different organic impregnation agents (Org series)  

were characterised using XRD, BET, SEM, TPR-H2.  

XRD diffractograms are presented in Figure 6 with details on phase identification in Table 7. 

The formation of Co3O4 was confirmed on all catalysts, regardless of the organic impregnation 

agent used. The crystallite sizes determined by Scherrer equation from the (111), (311)  

and (400) diffractions are presented in Table 8. The crystallite sizes obtained for the catalysts 
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prepared by organic-assisted impregnation are comparable and somewhat lower than that  

of the Org(-) catalyst. 

 
Figure 6. XRD diffractograms of the Org series catalysts. For details on phase identification 
refer to Table 7 

Table 7. XRD phase identification 
Mark Phase Chemical composition ICDD (PDF-2) 

a Corundum Al2O3 01-075-1862 

b Mullite Al4.54Si1.46O9.73 01-079-1456 

c Cobalt oxide Co3O4 00-042-1467 

Table 8. Crystallite size from XRD of the Org series catalysts determined by Scherrer equation  
Sample 𝑙  

(µm) 

Sample 𝑙  

(µm) 

Org(-) 42 Org(Glr) 28 

Org(Ace) 29 Org(Gly) 29 

Org(Cit) 30 Org(Ure) 29 

The specific surface areas 𝑆  obtained by BET method are presented in Table 9. In all cases,  

the specific surface area is increased as compared to that of a clean support. The values of 𝑆  

are comparable regardless of the organic impregnation agent used. 
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Table 9. Specific surface area from BET of the Org series catalysts 
Sample 𝑆  

(m2 g-1) 

Sample 𝑆  

(m2 g-1) 

Support 0.5 - - 

Org(-) 1.9 Org(Glr) 1.8 

Org(Ace) 1.8 Org(Gly) 1.8 

Org(Cit) 2.2 Org(Ure) 1.9 

SEM micrographs of the catalysts taken by back-scattered electrons detector are presented  

in Figure 7 and Figure 8. As cobalt has a higher atomic number than the elements present  

in the Al-Si ceramic foam, white colour in the micrographs corresponds to cobalt species,  

while grey colour represents the support. It can be seen that the use of different organic 

impregnation agents leads to differences in the active phase morphology. Compared to the other 

samples, the morphology of Org(Cit) is distinctly different with a relatively thick layer dotted 

with cracks and craters. On Org(Gly), a more continuous, thinner layer with numerous smaller 

craters is observed. On the other samples, nanocrystal aggregates in different arrangements 

spread across the support surface are observed. 

Results of TPR-H2 are presented in Figure 9 and Table 10. For bulk Co3O4, reduction  

in TPR-H2 profiles is observed in two steps ascribed to Co3+ → Co2+ (low temperature peak) 

and Co2+ → Co0 (high temperature peak) reduction respectively. The shape and positions  

of the peaks may be influenced both by the active phase-support interactions and by  

the preparation method utilised [8, 9, 13, 50]. While on Org(-) a single broad band  

with a maximum around 363 °C encompasses both reduction steps, on the catalysts prepared 

by organic-assisted impregnation a more pronounced low-temperature shoulder is observed. 

The main peak maxima for Org(Ace), Org(Glr) and Org(Gly) are around the same temperature 

as for Org(-), while for Org(Cit) and Org(Ure) it is shifted towards higher temperatures.  

On all the catalysts, total H2 consumption values are comparable and in agreement  

with the theoretical values. 
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Org(-) Org(Ace) 

  
Org(Cit) Org(Glr) 

  
Org(Gly) Org(Ure) 

  
          250 µm           250 µm 

Figure 7. SEM micrographs of the Org series catalysts 
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Org(-) Org(Ace) 

  
Org(Cit) Org(Glr) 

  
Org(Gly) Org(Ure) 

  
         50 µm          50 µm 

Figure 8. SEM micrographs of the Org series catalysts 
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Figure 9. TPR-H2 curves of the Org series catalysts 

Table 10. Temperature maxima of H2 consumption and total H2 consumption in TPR-H2  
of the Org series catalysts 

Sample 𝑇   
(°C) 

Total H2 

consumption 

(mmol g-1) 

Theoretical H2 

consumption 

(mmol g-1) 

Org(-) 363 0.6 0.5 

Org(Ace) 362 0.5 0.5 

Org(Cit) 371 0.7 0.6 

Org(Glr) 359 0.6 0.5 

Org(Gly) 360 0.6 0.5 

Org(Ure) 390 0.7 0.5 

5.1.3. Results of catalytic tests 
The conversions obtained during catalytic experiments can be seen in Figure 10 and in 

Appendix 5. The catalysts prepared by organic-assisted impregnation reached higher N2O 

conversions than the Org(-) catalyst. While the differences in conversions are not too large,  

it can be seen the Org(Glr) catalyst was the most active in N2O decomposition. 
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Figure 10. Conversion curves of the Org series catalysts. Conditions: 0.1 mol. % N2O,  
balance N2; GHSV (20 °C, 101 325 Pa) = 1080 (m3 h-1)gas (m-3)cat 

Correlation of N2O conversions reached and the amount of gasses formed during organic agent 

oxidation can be seen in Figure 11, catalyst De-N2O activity is increasing with ∑ 𝜈. 

Correlation of N2O conversions reached and the heat of combustion of the organic agent can be 

seen in Figure 12, catalyst De-N2O activity is increasing with −Δ 𝐻°.  
High amounts of gasses formed limit crystallite growth, leading to finely developed 

microstructure of the active phase and therefore higher activity.  As a result of the high amounts 

of heat developed by the combustion reaction, high heating and subsequently cooling rates  

may be reached, possibly leading to a larger number of structural defects and non-equilibrium 

species serving as catalyst active sites, leading to increased catalyst activity [36, 39, 40]. 

It should be noted that both organic agent characteristics presented here show similar trends. 

Other factors influencing the resultant catalyst activity are not as easily predictable  

or quantifiable: formation of complex precursors, dispersion of the deposited precursors, 

specifics of combustion reaction mechanism, combustion reaction kinetics etc. 
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Figure 11. Correlation of N2O conversions and the amount of gasses formed during organic 
agent oxidation 

 
Figure 12. Correlation of N2O conversions and the heat of combustion of the organic agent 

5.1.4. Summary 
The formation of Co3O4 on ceramic foam structured support by organic-assisted impregnation 

using various organic impregnation agents was confirmed by XRD. The organic agent used 

influences the Co3O4 active phase morphology, as observed by SEM. All of the catalysts 

prepared by organic-assisted impregnation exhibit activities higher than the catalyst prepared 

by conventional (organic-free) impregnation in agreement with the reduced crystallite size 

determined by Scherrer equation. 
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In the catalytic tests, the highest N2O conversions were obtained on Org(Cit) and Org(Glr). 

However, in the case of Org(Cit), the weak adhesion of the active phase to the support might 

lead to loss of the active phase and the catalyst deactivation. For selection of a suitable organic 

impregnation agent, factors other than catalyst De-N2O activities have to be taken in account 

as well. The organic agent solubility in water may limit the attainable active phase loading 

and/or the organic-to-cobalt ratio. For preparation of catalysts supported on ceramic foams, 

high values of impregnation solution viscosity may be prohibitive as well. For the preparation 

of industrially applicable catalyst, the price, availability, hazard properties, environmental 

impact and ease of storage and manipulation of the organic impregnation agent have to be 

considered as well. 

In this thesis, glycerol was chosen as the organic impregnation agent for further optimization 

of the deN2O catalyst, as it offers a good increase in the catalyst De-N2O activity, is freely 

miscible with water, is relatively cheap and hazard-free. 

5.2. Catalysts prepared with different glycerol-to-cobalt ratio (Glr series) 
To evaluate the influence of glycerol-to-cobalt ratio on the catalyst activity, catalysts were 

prepared using impregnation solutions with glycerol-to-cobalt molar ratio 𝑟 = 0, 1, 2. 

5.2.1. Results of catalyst preparation 
The weights of the supports prior to impregnation and the weights of the samples post 

calcination used to determine the mass fractions of the active phase deposited on the total 

weights of the catalyst are presented in Table 11. The amounts of active phase deposited  

as expressed by the mass fractions are comparable and close to the intended value of 6 wt. %. 

Table 11. Glr series catalyst weights and active phase mass fractions 
Sample 𝑤  

(wt. %) 

Glr(0) 5.5 

Glr(1) 5.9 

Glr(2) 6.1 

5.2.2. Results of catalyst characterization 
The catalysts prepared with different glycerol-to-cobalt ratio (Glr series) were characterised 

using XRD, SEM, BET, TPR-H2.  
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XRD diffractograms are presented in Figure 13 with details on phase identification in Table 7. 

The formation of Co3O4 was confirmed on all catalysts, regardless of the glycerol-to-cobalt 

ratio used. The crystallite sizes determined by Scherrer equation from the (111), (311) and (400) 

diffractions are presented in Table 12. The crystallite sizes obtained on catalysts prepared  

by glycerol-assisted impregnation are comparable regardless of the glycerol-to-cobalt ratio  

and significantly lower than that of the Glr(0) catalyst. The difference in crystallite sizes 

determined for the Org(-) and Glr(0) catalysts (42 µm and 140 µm, respectively), both prepared 

by organic-free impregnation has to be ascribed to the different active phase content  

(3.1 wt. % and 5.5 wt. %, respectively), where the larger amount of active components  

on the Glr(0) catalyst enables more significant grain growth. 

 
Figure 13. XRD diffractograms of the Glr series catalysts. For details on phase identification 
refer to Table 7 

Table 12. Crystallite size and specific surface area of the Glr series catalysts 
Sample 𝑙  

(µm) 

𝑆  

(m2 g-1) 

Support - 0.5 

Glr(0) 140 1.5 

Glr(1) 33 2.2 

Glr(2) 36 2.2 
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Glr(0) 

  
Glr(1) 

  
Glr(2) 

  
                     1000 µm           250 µm 

Figure 14. SEM micrographs of the Glr series catalysts 
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The specific surface areas 𝑆  obtained from BET are presented in Table 12. In all cases,  

the specific surface area is increased as compared to that of a clean support. For the catalysts 

prepared by glycerol-assisted impregnation, the values of 𝑆  are comparable regardless  

of the glycerol-to-cobalt ratio used and somewhat higher than that obtained for the Glr(0) 

catalyst. 

SEM micrographs of the catalysts taken by back-scattered electrons detector are presented  

in Figure 14. As cobalt has a higher atomic number than the elements present in the Al-Si 

ceramic foam, white colour in the micrographs corresponds to cobalt species, while grey colour 

represents the support. The presence of glycerol in the impregnation solution influences  

the active phase morphology. On Glr(0), Co3O4 is present in the form of nanocrystals 

aggregates spread across the support surface. On Glr(1), a porous layer with numerous cracks 

is observed. On Glr(2), a smoother, discontinuous cracked layer is formed. 

Results of TPR-H2 are presented in Figure 15 and Table 13. On Glr(0) a single reduction peak 

with a maximum at 393 °C and a low-temperature shoulder is observed. On the catalysts 

prepared by glycerol-assisted impregnation, the low-temperature shoulders are more 

pronounced, and the reduction begins at notably lower temperatures. The temperature maxima 

of H2 consumption are shifted towards lower temperatures as well. Total H2 consumption  

is comparable on all of the Glr series catalysts and in agreement with the theoretical values. 

The difference in H2 consumption for the Org(-) and Glr(0) catalysts (0.6 mmol g-1  

and 1.0 mmol g-1, respectively), both prepared by organic-free impregnation is proportional  

to the different active phase content (3.1 wt. % and 5.5 wt. %, respectively). 

Table 13. Temperature maxima of H2 consumption and total H2 consumption in TPR-H2  
of the Glr series catalysts 

Sample 𝑇  

(°C) 

Total H2 

consumption 

(mmol g-1) 

Theoretical H2 

consumption 

(mmol g-1) 

Glr(0) 393 1.0 0.9 

Glr(1) 371 1.0 1.0 

Glr(2) 378 1.1 1.0 
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Figure 15. TPR-H2 curves of the Glr series catalysts 

5.2.3. Results of catalytic tests 

 
Figure 16. Conversion curves of the Glr series catalysts. Conditions: 0.1 mol. % N2O,  
balance N2; GHSV (20 °C, 101 325 Pa) = 1500 (m3 h-1)gas (m-3)cat 

The obtained N2O conversions can be seen in Figure 16 and Figure 17 and in Appendix 5. 

Catalysts prepared by glycerol-assisted impregnation exhibit higher De-N2O activity  

than the Glr(0) catalyst in agreement with their better reducibility observed by TPR-H2.  

While the differences between Glr(1) and Glr(2) are not too high, Glr(1) exhibits slightly higher 

De-N2O catalytic activity. 
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Figure 17. Dependence of conversions on glycerol-to-cobalt ratio in the impregnation solution 
at different temperatures for the Glr series catalysts. Conditions: 0.1 mol. % N2O, balance N2; 
GHSV (20 °C, 101 325 Pa) = 1500 (m3 h-1)gas (m-3)cat 

5.2.4. Summary 
The formation of Co3O4 on ceramic foam structured support by glycerol-assisted impregnation 

using various glycerol-to-cobalt ratios was confirmed by XRD. The glycerol-to-cobalt ratio  

in the impregnation solution influences the Co3O4 active phase morphology, as observed  

by SEM. The improvement of the De-N2O catalyst activity compared to the Glr(0) catalyst 

correlates with the changes in reducibility observed by TPR-H2, in agreement  

with the suggested redox mechanism of the catalytic reaction. 

As Glr(1) exhibited the highest De-N2O catalytic activity, 𝑟 = 1 was used for further 

preparation of catalysts by glycerol-assisted impregnation. 

5.3. Catalysts prepared with different Cs-promoter loading (Glr-Cs series) 
To determine the optimal Cs-promoter loading of the active phase, catalysts were prepared  

with nominal content of cesium in active phase 𝜁 , = 1, 2, 3, 4, 5, 6 wt. % of Co3O4. 

5.3.1. Results of catalyst preparation 
The weights of the supports prior to impregnation and the weights of the samples post 

calcination used to determine the mass fractions of the active phase deposited on the total 

weights of the catalyst are presented in Table 14. The amounts of active phase deposited  

as expressed by the mass fractions in the range 5.1–6.2 wt. % are comparable. 
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Table 14. Glr-Cs series catalyst weights and active phase mass fractions 
Sample 𝑤  

(wt. %) 

Sample 𝑤  

(wt. %) 

Glr-Cs(1) 5.7 Glr-Cs(4) 6.2 

Glr-Cs(2) 5.5 Glr-Cs(5) 5.9 

Glr-Cs(3) 5.1 Glr-Cs(6) 5.8 

5.3.2. Results of catalyst characterization 
The catalysts prepared with different Cs-promoter content (Glr-Cs series) were characterised 

using XRD, TPR-H2 and AAS. 

Results of AAS are presented in Table 15. AAS was used to determine Co and Cs content  

in the samples, which were then used to calculate the real Cs-promoter loading expressed  

as the cesium-to-cobalt-oxide mass ratio. While the real Cs content is about half of the nominal 

content, a good linear correlation between the real Cs content and the weight of CsNO3  

used for preparation of the impregnation solution is observed in Figure 18. The difference 

between the nominal and actual Cs content may be caused by cesium deposition on the support 

during impregnation being less favourable than that of cobalt, or by thermal desorption  

of cesium during the calcination step [32]. 

 
Figure 18. Correlation of Cs-promoter loading and the amount of CsNO3 used 
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Table 15. Cs-promoter loading determined by AAS 
Sample 𝑤  

(mg g-1) 

𝑤  

(mg g-1) 

𝑤  

(mg g-1) 

𝜁  

(wt. % of Co3O4) 

Glr(1) 
37.8 0.01 51.4 

0.0 
40.9 0.00 55.7 

Glr-Cs(1) 
39.5 0.28 53.8 

0.6 
44.0 0.42 59.9 

Glr-Cs(2) 
39.0 0.52 53.1 

1.0 
40.0 0.54 54.6 

Glr-Cs(3) 
36.7 0.75 49.9 

1.5 
38.8 0.75 52.8 

Glr-Cs(4) 
40.1 1.02 54.6 

1.9 
38.8 1.05 52.8 

Glr-Cs(5) 
43.7 1.49 59.5 

2.5 
44.2 1.48 60.2 

Glr-Cs(6) 
42.4 1.71 57.7 

3.0 
42.1 1.72 57.3 

XRD diffractograms are presented in Figure 19 with details on phase identification in Table 7. 

The formation of Co3O4 was confirmed on all catalysts, regardless of the amount of cesium 

precursor in the impregnation solution. The crystallite sizes determined by Scherrer equation 

from the (220), (211) and (400) diffractions are presented in Table 16. The crystallite sizes 

obtained for the Cs-doped catalysts with 𝜁 ≥ 0.9 wt. % of Co3O4 are comparable  

and somewhat lower than that of the Glr-Cs(1) catalyst and the unpromoted Glr(1) catalyst. 

Results of TPR-H2 are presented in Figure 20 and Table 17. On Glr(1) a reduction peak  

with a maximum at 364 °C and a low-temperature shoulder is observed. For Glr-Cs(1-4),  

the main peak is sharper and is shifted towards higher temperatures for Glr(2-4), while for  

Glr-Cs(5) and Glr-Cs(6) it gets broader and flatter. For all of the Cs-promoted catalysts,  

the lower temperature peak maximum shifts towards lower temperatures with increasing  

Cs content, which indicates the presence of more easily reducible species. The reduction onset 

occurs at lower temperatures compared to Glr(1) as well. Total H2 consumption is comparable 

on all the Glr-Cs catalysts and in agreement with the theoretical values.  
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Figure 19. XRD diffractograms of the Glr-Cs series catalysts. For details on phase identification 
refer to Table 7 

Table 16. Crystallite size from XRD of the Glr-Cs series catalysts by Scherrer equation 
Sample 𝑙  

(µm) 

Sample 𝑙  

(µm) 

Glr(1) 33 - - 

Glr-Cs(1) 29 Glr-Cs(4) 20 

Glr-Cs(2) 15 Glr-Cs(5) 17 

Glr-Cs(3) 25 Glr-Cs(6) 20 
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Figure 20. TPR-H2 curves of the Glr-Cs series catalysts 

Table 17. Temperature maxima of H2 consumption and total H2 consumption in TPR-H2  
of the Glr-Cs series catalysts 

Sample 𝑇 ,  

 

(°C) 

𝑇 ,   
 

(°C) 

Total H2 

consumption 

(mmol g-1) 

Theoretical H2 

consumption 

(mmol g-1) 

Glr(1) 328 364 1.0 1.0 

Glr-Cs(1) 325 361 1.1 1.0 

Glr-Cs(2) 324 370 1.0 0.9 

Glr-Cs(3) 319 372 0.9 0.9 

Glr-Cs(4) 312 373 1.1 1.0 

Glr-Cs(5) 304 370 0.9 1.0 

Glr-Cs(6) 300 365 0.9 1.0 

5.3.3. Results of catalytic tests 
For catalysts with Cs promoter, N2O decomposition catalytic tests were carried out with 

different inlet gas composition: ‘inert gas’ conditions (0.1 mol. % N2O, balance N2)  

and ‘process gas’ conditions (0.1 mol. % N2O, 5 mol. % O2, 2 % mol. H2O, 0-0.02 mol. % NO, 

balance N2). The values of N2O conversions obtained can be seen in Appendix 5. For inert gas 

conditions, the resultant conversions can be seen in Figure 21 and Figure 22,  

as well as the conversions obtained for unpromoted catalyst Glr(1) for comparison.  

The Cs-promoter significantly increases the catalyst De-N2O activity. The catalyst activity 

increases with rising Cs content, especially up to 𝜁 ≤ 1.0 wt. % of Co3O4. The catalysts  
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with Cs-promoter content 𝜁 ≥ 1.0 wt. % of Co3O4 exhibit N2O conversions over 90 %  

at temperatures ≥ 330 °C and over 95 % at temperatures ≥ 390 °C. 

 
Figure 21. Conversion curves of the Glr-Cs series catalysts in inert gas conditions.  
Conditions: 0.1 mol. % N2O, balance N2; GHSV (20 °C, 101 325 Pa) = 1500 (m3 h-1)gas (m-3)cat 

 
Figure 22. Dependence of conversions on catalyst Cs content at different temperatures  
for the Glr-Cs series catalysts in inert gas conditions. Conditions: 0.1 mol. % N2O, balance N2; 
GHSV (20 °C, 101 325 Pa) = 1500 (m3 h-1)gas (m-3)cat 
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Figure 23. Conversion curves for the Glr-Cs series catalysts in process gas conditions. 
Conditions: 0.1 mol. % N2O, 5 mol. % O2, 2 mol. % H2O, balance N2;  
GHSV (20 °C, 101 325 Pa) = 1500 (m3 h-1)gas (m-3)cat 

 
Figure 24. Dependence of conversions on catalyst Cs content at different temperatures  
for the Glr-Cs series catalysts in process gas conditions. Conditions: 0.1 mol. % N2O,  
5 mol. % O2, 2 mol. % H2O, balance N2; GHSV (20 °C, 101 325 Pa) = 1500 (m3 h-1)gas (m-3)cat 
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in Figure 23 and Figure 24. A decrease in catalyst activities is observed mainly at the lower 

temperatures, as compared to the inert gas conditions activities and is probably caused by O2 
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seems to be rather independent of the Cs-promoter content of the catalyst and the catalyst 

activity generally increases with rising Cs content, similar to the activities observed in inert gas 

conditions. Catalysts with 𝜁 ≥ 1.9 wt. % of Co3O4 were the most active.  

Notably, the Glr-Cs(4) catalyst with 𝜁 = 1.9 wt. % of Co3O4 is the most active at 300 °C 

(Figure 24). 

 
Figure 25. Conversion curves of the Glr-Cs series catalysts in process gas conditions. 
Conditions: 0.1 mol. % N2O, 5 mol. % O2, 2 mol. % H2O, 0.02 mol. % NO, balance N2;  
GHSV (20 °C, 101 325 Pa) = 1500 (m3 h-1)gas (m-3)cat 

 
Figure 26. Dependence of conversions on catalyst Cs content at different temperatures  
for the Glr-Cs series catalysts in process gas conditions. Conditions: 0.1 mol. % N2O,  
5 mol. % O2, 2 mol. % H2O, 0.02 mol. % NO, balance N2; GHSV (20 °C, 101 325 Pa) =  
1500 (m3 h-1)gas (m-3)cat 
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The conversions obtained in the presence of NO conditions are presented in Figure 25  

and Figure 26. The presence of NO in the gas mixture causes severe catalyst deactivation  

at temperatures below < 420 °C. The inhibition effect is stronger on catalysts with higher  

Cs contents. The highest conversions are obtained on the catalyst with 1.0 ≤ 𝜁 ≤ 1.5 wt. % 

of Co3O4. 

The stronger NO inhibition effect on catalysts with higher Cs content can be rationalized  

by the electronic nature of the promoting effect of alkali metals on Co3O4. The electronic 

configuration of NO molecule contains an unpaired electron suggesting strong acido-basic 

interactions. The Cs-promoter increases the catalyst electron-donor properties [10, 35],  

leading to the presence of Lewis base adsorption sites favourable for NO adsorption.  

The storage of NO on basic compounds in the form of nitrates and nitrites is reported [55, 56]. 

5.3.4. Summary 
The formation of Co3O4 on ceramic foam structured support by glycerol-assisted impregnation 

was confirmed by XRD. The presence of a Cs-containing phase was not observed by XRD, 

either due to its incorporation in the spinel phase, its presence as an amorphous phase or its low 

content. The Cs-promoter content influences the catalyst reducibility as observed by TPR-H2. 

The Cs-promoter content supposedly leads to the presence of more easily reducible active sites 

[29, 33], increasing the catalyst activity in inert gas conditions in agreement with the proposed 

redox mechanism of the reaction. In the presence of O2, H2O, the catalyst De-N2O activity  

is lowered due to their adsorption on the catalyst surface [9, 54], but the De-N2O activity 

dependence on Cs-promoter content is more or less retained. 

In the presence of NO, the catalyst De-N2O activity is severely lowered at temperatures below < 420 °C and reaches a broad maximum at Cs content around 1.0-1.9 wt. % of Co3O4.  

The inhibition effect of NO increases with increasing catalyst Cs content probably  

due to the increasing basicity of the catalyst surface favourable for NO adsorption [55, 56]. 

Based on the catalytic tests in process gas conditions, the optimal Cs loading is between  1.5 ≤ 𝜁 ≤ 1.9 wt. % of Co3O4, depending on the reaction mixture composition. 
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6. CONCLUSIONS 
It was found Co3O4 catalysts on ceramic foam structured supports for N2O catalytic 

decomposition can be prepared by organic-assisted impregnation using various organic 

impregnation agents (acetic acid, citric acid, glycerol, glycine, urea). The organic agent  

used influences the morphology of the Co3O4 active phase. All of the catalysts prepared  

by organic-assisted impregnation exhibited De-N2O activities higher that the catalyst prepared 

by conventional (organic-free) impregnation. Based on the De-N2O catalytic test results,  

as well as practical considerations (solubility, ease of manipulation, price), glycerol was chosen 

as the most suitable organic impregnation agent for further optimization. 

To further optimize preparation of the catalysts by glycerol-assisted impregnation,  

glycerol-to-cobalt ratio of the impregnation solution was varied. Based on the De-N2O catalytic 

test results, the optimal glycerol-to-cobalt molar ratio was found to be 1:1. 

The optimized glycerol-assisted impregnation method was used for preparation of Cs-promoted 

Co3O4 catalysts on ceramic foam structured supports. The presence of Cs leads to greatly 

increased De-N2O catalyst activity, caused by the increased reducibility of the catalyst active 

sites revealed by TPR-H2, in agreement with the redox mechanism of the reaction. The catalyst 

De-N2O activity was tested in conditions simulating nitric acid plant tail-gas, that is,  

in the presence of O2, H2O, NO causing inhibition of the De-N2O catalytic reaction.  

In the absence of NO, the catalyst activity generally increases with increasing Cs-promoter 

content up to 1.9 wt. % of Co3O4. On the other hand, in the presence of NO the catalyst activity 

decreases with Cs content over 1.5 wt. % of Co3O4. Since the promoting effect of Cs is tied  

to an increase of the catalyst electron-donor properties, the stronger inhibition by NO  

on catalysts with higher Cs content can be explained by stronger acido-basic interactions 

between the surface and NO molecules. Based on the De-N2O catalytic tests, the optimal  

Cs loading was found between 1.5 ≤ 𝜁 ≤ 1.9 wt. % of Co3O4, depending on the inlet gas 

composition.  

Further investigation of catalysts in the 1.5 ≤ 𝜁 ≤ 1.9 wt. % of Co3O4 range is suggested, 

namely the inlet NO concentration dependency of their activities. Fine-tuning the catalyst  

Cs loading based on the NO content of the gas mixture to be treated might be possible. 
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13. APPENDICES 
Appendix 1. Photograph of ceramic foam 
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Appendix 2. Photographs of catalyst supported on ceramic foam 
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Appendix 3. Photographs of the furnace, temperature controller  
and thermocouples used in N2O decomposition catalytic tests 
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b) Reactor inside open furnace 
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Appendix 4. Photograph of a reactor used in N2O decomposition catalytic 
tests 
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Appendix 5. N2O conversions 
N2O conversions of the Org series catalysts. Conditions: 0.1 mol. % N2O, balance N2;  
GHSV (20 °C, 101 325 Pa) = 1080 (m3 h-1)gas (m-3)cat 

Catalyst N2O conversion (%) 

300 °C 330 °C 360 °C 390 °C 420 °C 450 °C 

Org(-) 2 6 14 30 51 71 

Org(Ace) 3 6 15 31 54 74 

Org(Cit) 4 9 21 39 59 76 

Org(Glr) 4 8 19 38 61 80 

Org(Gly) 3 8 18 36 56 72 

Org(Ure) 1 6 15 33 55 75 

 

N2O conversions of the Glr series catalysts. Conditions: 0.1 mol. % N2O, balance N2;  
GHSV (20 °C, 101 325 Pa) = 1500 (m3 h-1)gas (m-3)cat 

Catalyst N2O conversion (%) 

300 °C 330 °C 360 °C 390 °C 420 °C 450 °C 

Glr(0) 4 9 17 32 51 69 

Glr(1) 4 10 21 40 65 82 

Glr(2) 3 9 20 40 61 78 

 

N2O conversions of the Glr-Cs series catalysts in inert gas conditions. Conditions:  
0.1 mol. % N2O, balance N2; GHSV (20 °C, 101 325 Pa) = 1500 (m3 h-1)gas (m-3)cat 

Catalyst N2O conversion (%) 

300 °C 330 °C 360 °C 390 °C 420 °C 450 °C 

Glr-Cs(1) 41 62 83 93 96 99 

Glr-Cs(2) 78 90 95 97 98 99 

Glr-Cs(3) 82 93 97 99 99 99 

Glr-Cs(4) 86 95 98 99 99 100 

Glr-Cs(5) 94 96 98 99 99 99 

Glr-Cs(6) 98 99 100 100 100 100 
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N2O conversions for the Glr-Cs series catalysts in process gas conditions. Conditions:  
0.1 mol. % N2O, 5 mol. % O2, 2 mol. % H2O, balance N2; GHSV (20 °C, 101 325 Pa) =  
1500 (m3 h-1)gas (m-3)cat 

Catalyst N2O conversion (%) 

300 °C 330 °C 360 °C 390 °C 420 °C 450 °C 

Glr-Cs(1) 17 23 30 44 64 82 

Glr-Cs(2) 53 76 86 92 95 97 

Glr-Cs(3) 53 78 89 94 96 98 

Glr-Cs(4) 57 83 92 96 97 98 

Glr-Cs(5) 55 82 91 94 96 97 

Glr-Cs(6) 52 83 94 98 99 100 

 

N2O conversions of the Glr-Cs series catalysts in process gas conditions. Conditions:  
0.1 mol. % N2O, 5 mol. % O2, 2 mol. % H2O, 0.02 mol. % NO, balance N2;  
GHSV (20 °C, 101 325 Pa) = 1500 (m3 h-1)gas (m-3)cat 

Catalyst N2O conversion (%) 

300 °C 330 °C 360 °C 390 °C 420 °C 450 °C 

Glr-Cs(1) 0 1 2 18 46 71 

Glr-Cs(2) 0 1 5 31 76 93 

Glr-Cs(3) 1 1 6 31 78 95 

Glr-Cs(4) 0 1 4 26 77 94 

Glr-Cs(5) 0 1 4 25 74 93 

Glr-Cs(6) 0 0 3 21 72 94 

 


