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Abstract 

This chapter is a general introduction on the work described in this thesis. The first section 

describes the objective and the importance of this study. Then a short historical overview of 

the mechanism of the ammonia oxidation on platinum is presented. Subsequently, the applied 

technique in this study, positron emission profiling (PEP), is explained. Finally, this chapter 

closes with an outline of this thesis. 
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Chapter 1: Introduction 

1.1 Goal of this study 

The main objective of this project is to study the mechanism of the catalytic ammonia 

oxidation on platinum at low temperatures. Our investigation is focused on the fast 

deactivation of the catalyst and the role of NO as an intermediate of the reaction. A platinum 

sponge catalyst is used to avoid any influence of a catalyst carrier. Next to the platinum 

sponge catalyst also a supported platinum catalyst, Pt-γ-alumina, is used. The study of the 

ammonia oxidation is performed in a tubular plug flow reactor, at atmospheric pressure, low 

temperatures and low concentrations of ammonia and oxygen. These conditions are 

comparable to ammonia tail pipe conditions in industrial processes. A suitable technique to 

study transient and steady state phenomena using tracer exchange is Positron Emission 

Profiling (PEP), which is applied in this study. In situ measurements at atmospheric pressure 

offer a unique possibility to study the heterogeneous processes at the catalyst surface in a 

wide temperature range and to obtain qualitative information regarding the mechanism of the 

reaction.    

However, to apply PEP in this catalytic study, first production methods for positron-

emitter-labelled 13NH3 and [15O16O]O2 are developed. The aim was to produce gaseous 13NH3 

and 15O2, which can be injected in small quantities into the reaction flow. In this way the 

study of the ammonia oxidation with PEP became feasible.  

 

1.2 Environmental aspects of ammonia emissions 

1.2.1 Effects of ammonia pollution  

Emissions of ammonia are well known sources of pollution of soil, water and air:  

1) The deposition of nitrogen in soil may lead to eutrophication of ecosystems and 

acidification of soil [Hoogervorst, 1998]. Oversupply of nitrogen in soil (eutrophication) 

leads to rapid growth of stems and leaves, but retards the development of the root systems. In 

addition, the diversity of (forest) ecosystems is reduced by the eutrophication because 

grasses, stinging nettle and blackberries become dominant species in forest underground and 

lichen disappear. A second form of nitrogen deposition in soil is acidification, which is 

caused by a reaction of NH4
+ that leads to formation of NO3

-, giving two protons for every 

ion of ammonium. Actual soil acidification occurs when the nitrate leaches to the ground 

instead of being taken up by plants.  

2) In atmospheric chemistry it has been recognised that the presence of ammonia catalyses 

the oxidation of atmospheric SO2 to form an acid. Moreover, ammonium nitrate and sulfate 
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Chapter 1: Introduction 

significantly contribute to fine particle mass and therefore causes visibility problems. This 

fine particle mass also contributes to transport over large distances of nitric acid, which 

accumulates on those particles. Potential influence of ammonia to catalyse the production of 

N2O and NO in the troposphere is under investigation [Bouwman et al., 1997]. 

3) In water ammonia causes the eutrophication and is a source of NO2
- and NO3

- ions. Nitrate 

itself is relatively non-toxic, however it can be microbially reduced to nitrite, which is a 

health damaging compound. High concentrations of solved ammonia in water may as well 

cause direct poisoning of the water flora. 

 

1.2.2 Global emission of ammonia 

Table 1.1 shows the total global emission of ammonia in 1990, which are estimated to be 54 

Tg Nitrogen/year (N/year) and are caused by several sources [Bouwman et al., 1997].  

 

Table 1.1: Sources of the pollution of ammonia [Bouwman et al., 1997]. 

Pollution source Emissions [Tg N/year] 

Domestic animals 21.6 

Synthetic fertilizers 9 

Oceans 8.2 

Biomass burning 5.9 

Crops 3.6 

Humans*, wild animals 2.7 

Fossil fuels 0.1 

* uncertainty is about 25 %. 

 

About 70 % of the ammonia emission is related to food production. The ammonia emission 

caused by the chemical industry are relatively low. The most important chemical processes 

that cause ammonia emission are: the production of nitrogen containing fertilisers (65 %) and 

the production of NH3 (35 %). The emission factors for these processes are respectively: 

1647 and 800 kgN/GgN (emitted nitrogen/produced nitrogen). Minor ammonia emission 

originates from processes like: production of nitric acid, urea and the processing of sugar 

beet. It is evident that from all industrial processes the chemical industry is responsible for 

most of the ammonia emission [Bouwman et al., 1997; Sutton et al, 2000]. Moreover, in the 

last years, ammonia emission from on-road vehicles significantly increased. Use of three way 
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Chapter 1: Introduction 

catalytic converters applied together with fuel rich-engine operation has contributed to the 

increased ammonia emission: the emission factor is estimated to be 475 mg/l [Kean et al., 

2000]. 

 

1.2.3. Ammonia emission in The Netherlands 

In the Netherlands, the major source of the ammonia emission is the food industry. Therefore, 

the policy of Dutch government is mainly focused on the reduction of the ammonia emission 

from the agricultural sources. Concerning the ammonia emission by the chemical industry, 

the Dutch government has a more controlling character. Dutch laws regulate the exhaust 

limits for all industrial processes. With governmental support, research efforts are focused on 

future abatement of the ammonia emission especially from the agricultural sources [Erisman 

et al., 1998; Leneman et al., 1998]. In 1990, the Dutch government formulated a strategy to 

reduce significantly the ammonia pollution in 20 years. This plan aimed to decrease the 

emission of ammonia, relative to 1980 by 50 % in 2000 and 70 % in 2005. Five years and 50 

million guilders later, in 1995 it is concluded that the reduction of the ammonia emission 

might have been technically feasible but not compatible with the rules of a free market 

economy. Consequently, the plans are changed to reduce the emissions to 60 % of the amount 

in 1980 to be realised in 2010 [Hoogervorst, 1998]. The outbreak of mouth-and-foot disease 

in the Netherlands in 2001 certainly has led to a temporary decrease of the ammonia emission 

due to the decreased population of animals. In the coming years the ammonia emission 

should additionally decrease because after the epidemic the number of cattle in the 

Netherlands lastingly decreased.  

 

1.3 Relevance of this study 

As already mentioned, the reaction conditions are comparable to ammonia exhaust conditions 

in the industrial processes such as the selective catalytic reduction process (SCR) [Gutberlet 

and Schallert, 1993]. Due to the environmental legislations only a very low concentration of 

ammonia, is allowed to be exhausted into the air. An environmental friendly, cheap and 

simple solution for excess of ammonia is a catalytic conversion of ammonia into harmless 

nitrogen and water. In this study an active and nitrogen selective platinum sponge catalyst has 

been used. Similarly to industrial conditions, the catalytic experiments are performed at low 

temperatures and atmospheric pressure, and low concentrations of the reactants are used. 

However, because our study of the ammonia oxidation is focused on the understanding of the 

reaction mechanism on platinum some reaction conditions differ; the ratio of 
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Chapter 1: Introduction 

ammonia/oxygen, lack of impurities in the feed and the use of an unsupported catalyst. The 

understanding of the reaction on platinum facilitates the study of more complicated systems, 

like supported and bi-functional systems.  

 

1.4 Mechanism of ammonia oxidation on platinum at low temperatures 

1.4.1 Introduction 

Ammonia oxidation is an exothermic reaction leading to N2, N2O, NO and H2O.  

2NH3 +   1½O2  N2    +   3H2O ∆H = -633 kJ/mol  

2NH3 +   2O2   N2O    +   3H2O ∆H = -551 kJ/mol 

2NH3 +   2½O2  2NO    +   3H2O ∆H = -453 kJ/mol 

 

The product selectivity of the ammonia oxidation depends on temperature, pressure and 

reactant ratio. Generally, at low temperatures (< 800 K) N2 is the main product, above 800 K 

NO formation becomes favourable, and above 1473 K again N2 is the main product. The 

selective production of NO at high temperatures has been widely applied in the industrial 

synthesis of nitric acid.   

 

1.4.2 Early studies 

Platinum catalysts have been applied successfully in the conversion of ammonia into NO, in 

the so called Ostwald process [Zeisberg, 1916]. In the beginning of the 20th century many 

explorative studies are performed to catalytically oxidise ammonia. Till 1920 over hundred 

patents are published, which mainly describe the performance of the catalyst. In these early 

studies three different reaction pathways for the ammonia oxidation are postulated. These 

proposals are mainly based on the product distribution since in those days mass spectrometry 

or surface science techniques were not available.  

The first reaction mechanism is postulated by Andrussov and it involved a nitroxyl 

(HNO) mechanism [Andrussov, 1926, 1927, 1928]: 

NH3   +   O2   +   *  HNO(a)   +   H2O  

2HNO(a)   +   ½O2  2NO       +   H2O   +   2*  

HNO(a)     +   NH3  N2H2(a)   +   H2O 

N2H2(a)      +   ½O2  N2       +   H2O   +   * 

HNO3(a)    +   NH3  NH4NO3(a)  
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The second mechanism is proposed by Bodenstein [Bodenstein, 1927, 1935, 1941; 

Bodenstein et al., 1942]. He postulated that hydroxylamine (NH2OH) is the most important 

intermediate of the reaction. The nitroxyl intermediate is included in his proposal, however in 

his case the formation of HNO proceeds via hydroxylamine.  

NH3     +   O(a)  NH2OH(a)  

NH2OH(a)+   O2  HNO2(a) +   H2O 

HNO2(a)   +   O2  HNO4(a) 

HNO4(a)   NO      +   O2       +   OH(a)  

NH2OH(a)+   O(a)  HNO(a)   +   H2O    +   *  

NH2OH(a)+   HNO(a)  N2      +   2H2O  +   2*   

HNO(a)    +   HNO(a)  N2O      +   H2O    +   2*  

  

The third mechanism is postulated by Raschig [Raschig, 1927] and Zawadzki 

[Zawadzki, 1948, 1950] to proceed via formation of imide (NH). In this proposal next to 

nitroxyl formation, also formation of hydrazine N2H4 is involved.  

NH3    +   O(a)  NH(a)   +   H2O 

NH(a)    +   O(a)  HNO(a)   +   * 

NH(a)    +   NH3  N2H4(a) 

HNO(a)    +   NH3  N2H4(a)   +   ½O2 

N2H4(a)    +   O2  N2    +   2H2O   +   * 

 

1.4.3 Recent studies 

a) Surface Science 

The first application of the surface science technique, secondary ion emission mass 

spectroscopy, in the ammonia oxidation study by Fogel [Fogel et al., 1964] revealed 

incorrectness in all of the three proposed mechanisms. The intermediate compounds, nitroxyl, 

hydroxylamine, HNO4 are not detected on the surface. Further, Fogel disproved the theory of 

Zawadzki that NH is formed via the oxidation of ammonia. In his proposal, NO is an 

important intermediate of the reaction. The formation of N2O is not detected, therefore the 

mechanism does not involve its production. The experiments performed by Pignet and 

Schmidt [Pignet and Schmidt, 1975] on polycrystaline Pt wire agreed with the mechanism 

proposed by Fogel. 
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Chapter 1: Introduction 

NH3(a)    +    O(a)  NO(a)   +   H2       +    H(a)  

2H(a)    +    O(a)  H2O   +   3*  

NH3    +    NO(a)  N2   +   H2O    +    H(a)  

 

A similar reaction mechanism is proposed by Nutt and Kapur [Nutt and Kapur, 1968, 

1969] for their experiments on a platinum filament. They assumed that the dissociation of 

ammonia into NH2 and H is the first step in the ammonia oxidation. Subsequently, NH2 reacts 

with oxygen or nitrous oxide to form the reaction products.  

NH3    +   3*  NH2(a)   +   H(a) 

NH2(a)    +   O2  NO(a)   +   H2O   

NH2(a)    +   NO(a)  N2   +   H2O   +   2* 

 

The development of ultra high vacuum (UHV) techniques resulted in new studies on 

the reaction mechanism of the ammonia oxidation. These studies have in common that single 

crystals of platinum are used as a catalyst. First published UHV experiments are performed 

by Gland and Korchak on a stepped Pt(111) crystal [Gland and Korchak, 1978]. Generally, 

they agreed with the mechanism proposed by Fogel, however the elementary steps of the 

reaction are not taken under investigation. Using Auger electron spectroscopy (AES) they 

observed that the product selectivity depends on the composition of the surface. N2 is mainly 

produced if the nitrogen species are dominantly present on the surface and the production of 

NO is enhanced by the high oxygen surface coverage. 

To clarify the formation of NO, Asscher et al. [Asscher et al., 1983] used a 

multiphoton technique on a Pt(111) crystal. They proposed that NO is formed via two 

reactions: 

NH(a)    +   O(a)  NO   +   H(a)   +   *  

 

This reaction is relatively fast and is enhanced at higher oxygen coverages. The second 

reaction is relatively slow. 

N(a)    +   O(a)  NO   +   2* 

 

High resolution electron energy loss spectroscopy (HREELS) and thermal desorption 

spectroscopy (TDS) have been applied in a low temperature study of the ammonia oxidation 
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Chapter 1: Introduction 

on Pt(111) by Gorodetskii et al. [Gorodetskii et al., 1992]. Under steady state conditions they 

observed HNO to be the reaction intermediate. 

In a more recent study, Mieher and Ho [Mieher and Ho, 1995] examined coadsorbed 

oxygen and ammonia on Pt(111) using electron energy loss spectroscopy (EELS), 

temperature programmed reaction spectroscopy (TPRS) and low energy electron diffraction 

(LEED). Using EELS they identified NH2, NH and OH as the intermediate species. In their 

proposal, first oxygen dissociates and ammonia is stripped by the oxygen atoms. Next the 

nitrogen atoms react with oxygen to form NO. The production of N2 proceeds without the NO 

intermediate.  

NH3(g)    +   *       NH3(a)       

O2(g)    +   2*  2O(a)    

NH3(a)    +   O(a)  NH2(a)   +   OH(a)  

NH2(a)    +   O(a)  NH(a)   +   OH(a)  

NH(a)    +   O(a)  N(a)      +   OH(a)  

NH3(a)    +   OH(a)  NH2(a)   +   H2O(a)  

NH2(a)    +   OH(a)  NH(a)   +   H2O(a)  

NH(a)    +   OH(a)  N(a)   +   H2O(a)  

2N(a)    N2(g)   +   2*   

N(a)    +   O(a)  NO(a)   +   *      

2OH(a)    H2O(g)   +   O(a)   +   *  

 

Another recent study is done by Bradley et al. [Bradley et al, 1995,1997] on Pt (100) 

using TPD and TPRS. The major difference with the mechanism of Mieher and Ho is the 

mechanism of the formation of NO and the formation of nitrogen via the dissociation of the 

NO intermediate. Their proposed mechanism applies above 400 K, because the dissociation 

of NO(a) at below 400 K is unfavourable [Lombardo et al., 1992a,b; Veser et al., 1992; 

Bradley et al., 1995]. NO is also a by-product of the ammonia oxidation and it desorbs at 

temperatures around 400 K (Eact = 150 kJ/mol) [Gorte and Gland, 1981; Burgess et al., 1989; 

Bradley et al., 1995]. The reaction between NO and NH3 proceeds also via the dissociation of 

both reactants [van Tol et al., 1992]. The group of King proposed that the oxygen surface 

coverage dominates the mechanism of the reaction:  
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At high oxygen coverage (θO > 0.2 ML) 

NH(a)    +   2O(a)  NO(a)   +   OH(a)   +   *  

NO(a)    NO   +   *       

 

At low oxygen coverage (θO < 0.2 ML) 

NO(a)    N(a)   +   O(a)      

2N(a)    N2   

 

Reflection-absorption infrared spectroscopy (RAIRS) study done by Kim et al. [Kim et al., 

2000] supported this mechanism.  

  

b) Theoretical studies 

A density functional computational study of the ammonia oxidation is performed by Fahmi 

and van Santen on a Pt6 cluster [Fahmi and van Santen, 1996]. They calculated that the 

dissociation of ammonia is only favourable when atomic oxygen is present on the surface. 

This study showed that the reactions between NHx and OH are endothermic and therefore less 

favourable to proceed. Furthermore, their calculations showed that water can poison the 

reaction, because it is more acidic than ammonia. In their study the formation of nitrogen is 

not proceeding via the NO intermediate, but nitrogen is formed via the Mieher and Ho 

mechanism.    

 

c) Atmospheric pressure studies 

An extensive study of the ammonia oxidation at low temperature on platinum was done by 

Il’chenko [Il’chenko, 1976]. In contrast to the UHV experiments N2O is detected at low 

temperatures in favour of NO. Il’chenko proposed a mechanism involving formation of imide 

and subsequent formation of nitroxyl, which is involved in the formation of N2 and N2O. 

O2(g)    +   2*   2O(a)      

NH3    +   O(a)  NH(a)   +    H2O 

NH(a)    +   O(a)  HNO(a)   +   *    

NH(a)    +   HNO(a)  N2   +   H2O   +   2* 

HNO(a)    +   HNO(a)  N2O   +   H2O   +   2* 
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Ostermaier et al. [Ostermaier et al., 1973, 1976] studied the deactivation of Pt-γ-

alumina and Pt-black in ammonia oxidation at low temperatures (below 473 K) and they 

proposed a similar mechanism to Nutt and Kapur. Both ammonia and oxygen adsorb 

dissociatively. The formation of N2 proceeds via the reaction of NO with NH2 and two HNO 

groups form N2O. Further, they observed that the initial deactivation of the platinum catalyst 

in an NH3-rich environment is less than in an O2-rich environment, however the deactivation 

does not strongly depend on the absolute value of the O2 concentration, it only requires a 

significant excess of O2. Also, they found that larger metal particles are more active than 

small particles (2 nm).  

NH3    +   2*  NH2(a)   +    H(a) 

O2(g)    +   2*  2O(a)    

NH2(a)    +   O2  NO(a)   +   H2O  

NH2(a)    +   NO(a)  N2   +   H2O   +   2*   

H(a)    +   NO(a)  HNO(a)   +   * 

HNO(a)    +   HNO(a)  N2O   +   H2O   +   2* 

 

Matyshak et al. [Matyshak et al., 1987; Matyshak and Krylov, 1995] used infrared 

reflection spectroscopy and infrared emission spectroscopy to determine the reaction 

intermediates under steady state flow conditions. On the platinum wire system NH4
+ and NH2 

complexes are observed.  

A more recent study is performed by van de Broek et al. on platinum sponge catalysts 

[van den Broek, 1998; van den Broek et al., 1999]. In his study they applied different 

techniques like temperature programmed desorption (TPD), temperature programmed 

reduction (TPR), time on stream experiments (TOS), X-ray photoelectron spectroscopy 

(XPS), isotope labelling (D2). They found that the platinum surface is mainly covered with 

NH, NH2 and OH species, and they proposed the reaction between NH and OH to be the rate 

determining step. Their results are in accordance with the mechanism of Mieher and Ho, 

however NO is rather formed via the reaction of NH with OH.  

NH3(g)    +   *       NH3(a)       

O2(g)    +   2*   2O(a) 

NH3(a)    +   O(a)  NH2(a)   +   OH(a)  

NH2(a)    +   O(a)  NH(a)   +   OH(a)  

NH(a)    +   O(a)  N(a)      +   OH(a)  
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NH3(a)    +   OH(a)  NH2(a)   +   H2O(a)  

NH2(a)    +   OH(a)  NH(a)     +   H2O(a)  

NH(a)    +   OH(a)  N(a)      +   H2O(a)  

 

2N(a)    N2    +   2*  

NH(a)    +   2O(a)  NO(a)   +   OH(a)    

NH(a)    +   2OH(a)  NO(a)   +   H2O(a)  

NO(a)    +   N(a)  N2O   +   2*   

2OH(a)    H2O(a)   +   O(a)    

 

1.5 Positron emission profiling 

In this paragraph a brief description of PEP is given. A detailed overview of PEP and its 

application in catalysis is recently written by Anderson, de Jong and van Santen [Anderson et 

al., 2002]. 

 

1.5.1 PEP detector 

The PEP detector is designed to trace the radioactive labelled molecules in a reactor as 

function of time and position [Anderson et al., 1997, 1999]. These radiolabelled molecules 

decay upon an emission of a positron. The positron quickly loses kinetic energy due to 

scattering events with atomic electrons. When it approaches thermal equilibrium it annihilates 

with an electron from the surrounding mass to form two γ-photons. These two photons travel 

ideally exactly in opposite direction and each of them have an energy of 511 keV (Fig. 1.1). 

The principle of PEP is the coincident detection of these two γ-photons. They are detected 

with BGO scintillation detectors (Bi4Ge3O12 crystals). If a γ-photon enters the BGO crystal 

electrons are excited and subsequently a photon is emitted in the visual range. This process is 

measured and the BGO signal is amplified by a photomultiplayer. BGO-crystals are placed in 

two rows of nine and between these rows the reactor tube is placed enclosed by an oven. 

Figure 1.1 schematically shows that the position of the annihilation event in the reactor can 

be reconstructed when two γ-photons are coincidentally detected in the upper and in the lower 

detection bank of detectors. 

 

 

11 



Chapter 1: Introduction 

Positron             

Atom     

511 keV photon        

511 keV photon    

180 degrees    

Electron    

BGO-detectors

reactor tube

reconstruction
positions

line of
reconstruction

Positron             

Atom     

511 keV photon        

511 keV photon    

180 degrees    

Electron    

BGO-detectors

reactor tube

reconstruction
positions

line of
reconstruction

 

Figure 1.1: Positron annihilation and a schematic representation of the PEP detector. 

 

Figure 1.2 shows the PEP detector. The distance to of the detection bank to the oven 

can be varied between 50 - 240 mm. With a set of 9 BGO crystals in each detector bank 17 

unique reconstruction positions can be measured. The minimum distance between each 

measuring position is 3 mm and the average time resolution for the coincidental detection of 

two photons is 23 ns. A minimum integration time of 0.5 s is required for reliable statistics 

and on-line computation. The maximum reconstruction rate for a binning time of one second 

is 35000 reconstructions [Mangnus et al., 1995; Mangnus, 2000]. 

 

 

Figure 1.2: The PEP detector. 
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Recently, an improved PEP detector system has been designed, however is not yet 

implemented. This PEP detector uses an improved data acquisition system, which improves 

sensitivity and has a better time resolution [Noordhoek, 2000]. 

 

1.5.2 Applications of positron emission profiling in catalysis 

Positron emission profiling was first used by Vonkeman to study CO oxidation over a 

supported Pt-CeO2/γ-alumina [Vonkeman et al., 1990; Jonkers et al., 1992]. Next to 

quantification of the rates of adsorption, desorption and surface reactions also spillover 

behaviour of oxygen from Pt to Ce is investigated. In this explorative project, positron 

emission tomography has proved its usefulness in the field of heterogeneous catalysis.  

From 1991 a detector system for positron emission profiling has been developed at 

Eindhoven University of Technology. Firstly PEP is used to study the adsorption and 

dispersion properties of hexane for different zeolites [Mangnus, 2000]. This research was 

extended to investigate the isomerisation reaction of n-hexane [van Santen et al., 1996]. With 

the final objective of measuring reaction kinetics of the hydroisomerisation reaction in mind, 

a mass transport model is developed and subsequently the reaction constants of the 

hydroisomerisation of hydrocarbons over platinum loaded acidic zeolites are acquired 

[Anderson et al., 1998; Noordhoek et al., 1998, 2002]. This study has been continued in an 

investigation of diffusion properties of hydrocarbons in zeolites by Schumacher [Schumacher 

et al., 2000]. The development of tracer exchange technique (TEX-PEP) has made it possible 

to extend the diffusion study of single components to mixtures of hydrocarbons [Koriabkina 

et al., 2001, 2002; Schuring et al., 2001]. 

Another project, in which PEP is applied, was study of the decomposition of N2O 

over Pt-γ-alumina [van der Linde, 1999]. With PEP spillover behaviour of oxygen from 

platinum to the support was proved and the kinetics of the reaction were determined under 

realistic conditions. Additionally, van der Linde also studied the reduction of NO by CO over 

Pt-γ-alumina [van der Linde, 1999]. 

The latest application of PEP has been the study of ammonia oxidation over platinum 

catalysts, which is described in this thesis. 

 

1.5.3 Development of the production methods of positron emitting molecules 

The necessity of use of positron emitting molecules for the PEP applications has led to the 

development of the production methods of these molecules with the Eindhoven 30 MeV 
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cyclotron. The isotopes that have been used in the PEP applications are 11C, 13N and 15O 

(Table 1.2).  

 

Table 1.2: Isotopes, nuclear reactions and applied molecules in the PEP studies.   

Isotope Reaction Projectiles 

energy 

[MeV] 

Beam 

Current 

[µA] 

Half life

 

[min] 

Applied 

molecules 

11C 14N(p,α)11C 12 2 20.38 CO, CO2, 

(iso)-C6H12 
13N 16O(p,α)13N 16 0.5 9.96 NO, NH3 
15O 14N(p,n)15O 

16O(p,pn)15O 

9.2 

26 

0.5 

0.5 

2.04 N2O, O2 

Target for 
11C production

Target for 15O 
production

Removable 
target for 13N 
production

Beam 
in

Target for 
11C production

Target for 15O 
production

Removable 
target for 13N 
production

Beam 
in

  

Figure 1.3: Multifunctional target for the isotopes production (11C, 15O, 13N) for the PEP 

application. 

 

Recently a target system has been developed, which combines three targets for the 

production of 11C, 13N and 15O and thus one beam line is used in the isotope production 

process and the cyclotron operation. Figure 1.3 shows this multifunctional target. The 

accelerated protons or deuterons are transported from the cyclotron to the target in an 

evacuated beam line. The particle beam is focused on the target by the use of quadrupoles 

and bending magnets. The target effluent also contains byproducts formed during the 

irradiation process next to the required radiolabelled molecules. The desired component is 

separated by use of adsorbers and chromatographic columns, for example applied in the 
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N2
15O separation [van der Linde, 2000]. An additional chemical step is often necessary to 

convert the produced isotopes into the molecules of interest, for example 11CO into 

[11C]hexane [Cunningham et al., 1996], or 13NO3
- into 13NO [van der Linde, 1999]. The 

production methods for the radiolabelled molecules for the PEP studies can be characterised 

as safe, reliable, automated and time efficient processes. 

 

1.6 Outline of the thesis 

Two main subjects are described in this thesis: the production of radiolabelled ammonia 

(chapter 2) and oxygen (chapter 3), and the application of positron emission profiling in the 

study of the ammonia oxidation over the platinum catalysts (chapter 4, 5 and 6).  

Chapter 2 and 3 deal with the production methods of [13N]NH3 and [15O]O2 for the 

PEP purposes. Chapter 2 describes the production method of labelled ammonia pulses via 

water irradiation (16O(p,α)13N reaction) followed by a modified DeVarda reduction. 

Chemical purity is achieved by a simple separation of ammonia in the GC. Chapter 3 

describes and compares two [15O]O2 production methods. In the 16O(p,pn)15O method 

labelled oxygen is produced not carrier free, in opposite to the 14N(d,n)15O method. In total 

the 14N(d,n)15O production method is safer, labelled oxygen is produced carrier free and it has 

relatively higher specific activity. In both production methods the combination of adsorbers 

with a GC separation gives chemically pure [15O]O2. 

Chapters 4, 5 and 6 deal with the ammonia oxidation. Chapter 4 describes the first 

elementary steps in the low temperature ammonia oxidation, the adsorption of ammonia and 

oxygen on platinum. Our transient ammonia pulse experiments studied in situ with positron 

emission profiling (PEP) showed that ammonia weakly adsorbs on platinum. Our results 

indicate that oxygen adsorbs dissociatively on platinum. The dissociation of ammonia is 

strongly activated by oxygen, leading at low temperatures to NHx species. Chapter 5 presents 

the effect of the temperature on the product selectivity and the deactivation of the platinum 

sponge catalyst. Several techniques (PEP, TPD, TPR, XPS) are used to examine the reaction 

mechanism and to characterise the poisoning species. In this chapter also the performance of 

the pre-oxidised platinum sponge catalyst is compared to the platinum sponge catalyst. In 

chapter 6 the effect of the alumina support on the ammonia oxidation reaction is presented. 

Besides the effect of the support, also the performance of the Pt-alumina catalyst as function 

of temperature is studied. Chapter 7 presents the evidence of the lowering of the heat of 
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adsorption of ammonia on alumina due to adsorption assisted desorption process, in which 

physisorbed ammonia plays an important role.  
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Production of chemically pure gaseous [13N]NH3 pulses  

for PEP studies  

using a modified DeVarda reduction 
 

 

 

 

 

 

 

 

 

 

Abstract 

A fast and reproducible production method for pure gaseous [13N]NH3 pulses has been 

developed. 13N was produced by irradiation of water with 500 nA of 16 MeV protons via the 
16O(p,α)13N reaction. A mixture of DeVarda’s alloy and NaOH was used to convert the 

produced nitrate/nitrite to ammonia. Pre-treatment of this mixture with water increased the 

concentrated production of gaseous [13N]NH3. Separation and further purification of 

ammonia were performed with GC, leading to 5 s pulses (1.1 ml STP) with 3.5 + 0.5 MBq 

[13N]NH3 with a high chemical and radiochemical purity suited for positron emission 

profiling (PEP).  
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2.1 Introduction 

The production methods for 13N-labelled ammonia have been driven by biomedical 

applications requiring a product solved in a few ml of saline solution or water. These 

solutions can be directly used in positron emission tomography (PET). The present method is 

focused on production of labelled and chemically pure gaseous ammonia concentrated in a 

small volume, to be injected as a pulse into a gas stream of reactants. Purpose is the study of 

surface processes in the field of heterogeneous catalysis with positron emission profiling 

(PEP), an analogue of PET [Anderson et al., 1997; Jonkers et al., 1992]. The required 

radioactivity of the labelled ammonia pulse (5 s, 13 ml STP per min.) has to be higher than 

0.1 MBq to meet statistical requirements.  

Nowadays [13N]NH3 is used for heart or brain studies and a range of production 

methods has been designed. The most applied nuclear reaction is 16O(p,α)13N using water as 

a  target (Table 2.1). Indirect production methods like the DeVarda’s alloy method [Vaalburg 

et al., 1975; MacDonald et al., 1979; Sleegers et al., 1980; Gatley et al., 1991; Suzuki et al., 

1995] and the TiCl3 method [Suzuki et al., 1999] are still in use. In recent years, more 

research effort is focused on direct production routes. Water targets with reducing agents like 

H2 [Mullholland et al., 1990; Berridge et al., 1993], ethanol [Wieland et al., 1991, Berridge et 

al., 1993, Helmeke et al., 1994; Suzuki et al., 1999] have been studied and these methods are 

nowadays in use. All these [13N]NH3 production methods have in common that they lead to 

radioactive ammonia in aqueous solutions. However, for PEP applications this is not a 

suitable end product. 

In our study the nuclear reaction 16O(p,α)13N has also been applied. Irradiation of 

water gives 13N labelled nitrate (more than 85 %) and nitrite [Krizek et al., 1973; Gatley et 

al., 1991; Suzuki et al., 1999]. The recoil 13-nitrogen atom reacts with water via sequential 

H-abstraction, followed by a hydration step and radiolytic oxidation: 
13N       +   H-OH  →   13NH3     H-abstraction 
13NH3    +   HOH   →   13NH4

+OH-        hydration 
13NH4

+    +   O*       →   13NO3
-   +   13NO2

-    radiolytic oxidation 

 

Nitrates may be reduced by the DeVarda’s method with conversions > 95 %. However, this 

method leads to a vigorous evolution of a gaseous stream of ammonia, hydrogen and steam, 

creating an overpressure in the system and is not controllable for our purpose. Radioactive 

ammonia needs to be formed in a concentrated gaseous form enabling GC for ammonia 
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separation. A reproducible production method of gaseous ammonia has been developed by 

pre-treatment of the DeVarda’s alloy and NaOH with water. 

 

Table 2.1: Overview of the liquid ammonia production methods via 16O(p,α)13N nuclear 

reaction. 

Reference Target Energy 
 

[MeV] 

Intensity 
 

[µA] 

Irradiation 
time 
[min] 

Yield 
 

[GBq] 

Specific 
activity 

[GBq/µmol] 

Post 
treatment 
method 

Suzuki and 
Yoshida, 
1999 
 
Helmeke 
et al., 1994 
 
Berridge and  
Landmeier, 
1993 
 
Gatley and 
Shea, 1991 
 
Wieland  
et al., 1991 
 
 
Mulholand 
et al., 1990 
 
Hichwa 
et al., 1989 
 
Lambrecht 
et al., 1986 
 
Suzuki 
et al., 1984 
 
Chasko and 
Thayer, 1981 
 
Lockwood 
et al., 1981 
 
Sleegers  
et al., 1980 
 
MacDonald 
et al., 1979 
 
Vaalburg  
et al., 1975 

H2O + 
EtOH, H2 

 
 

H2O + 
EtOH, 

 
H2O + 

EtOH, H2 
 
 

H2O 
 
 

H2O, 
EtOH, 

acetic acid 
 

H2O + H2 
 
 

H2O + He 
 
 

H2O 
 
 

H2O 
 
 

H2O 
 
 

H2O 
 
 

H2O 
 
 

H2O 
 
 

H2O 

18 
 
 
 

19 
 
 

17 
 
 
 

24 
 
 

11-18 
 
 
 

17-20 
 
 

17 
 
 

18 
 
 

18 
 
 

20 
 
 

18-27 
 
 

21 
 
 

21 
 
 

20 

15 
 
 
 

10 
 
 

10-30 
 
 
 

5 
 
 

15-40 
 
 
 

20 
 
 

30 
 
 

20 
 
 

10-25 
 
 

20 
 
 

5 
 
 

up to 25 
 
 

20 
 
 

15 

20 
 
 
 

15 
 
 

10-30 
 
 
 

5-15 
 
 

10-20 
 
 
 

20 
 
 

5 
 
 

10 
 
 

10-30 
 
 

10 
 
 

5 
 
 

25 
 
 

15 
 
 

20 

5.4 
 
 
 

2.56 
 
 

25.9/µA 
 
 
 

0.74-1.85 
 
 

5.55 
 
 
 

1.48-7.4 
 
 

7.4 
 
 

1.48  
 
 

9.25 
 
 

18.5  
 
 

0.74-
0.93/µA 

 
0.52/µA 

 
 

6.67 
 
 

18.5 

590 
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Chapter 2: Production of [13N]NH3 

This chapter describes the production method for gaseous 13N[NH3]. First, the 

theoretical activity resulting from the irradiation of water is calculated, which is later 

compared to the actual activity obtained. Then the radionuclidic and radiochemical purity of 

the product is treated. Also is studied the effect of water pre-treatment on the manageability 

and increase of recoverable amount of gaseous radioactive ammonia. 

 

2.2 Experimental 

Distilled water was irradiated with 500 nA of 16 MeV protons for 10 min using a 7 ml flow-

through target with a dual-foil (Duratherm 600, thickness 15 µm). The beam was focussed 

through an 11 mm diaphragm. The total depth of the water volume was 5 mm, stopping the 

beam entirely. The distilled water was flushed before irradiation with He to remove dissolved 

N2. After bombardment, the target water was remotely transported in 4 min with He at an 

overpressure of 0.5 bar through a 40 meter Teflon tube from the target vault into a lead-

shielded collection vessel with a volume of 15 ml, situated in the PEP laboratory. Between 

the water target and the collection vessel a flask acted as a buffer volume. This allowed 

adjusting the volume of water that was flushed into the collection vessel. Unless mentioned 

otherwise, a volume of 3 ml of irradiated water was used for further conversion to labelled 

NH3.  

For the reduction of nitrate and nitrite to ammonia 1 g of DeVarda’s alloy and 2 g of 

dried NaOH powder were mixed and placed into a glass reactor with a total volume of 100 

ml. Both chemicals were purchased from Fluka Chemicals, since they are reported to contain 

the lowest amount of nitrogen contamination [Suzuki and Yoshida, 1999]. Actually, in the 

present study this was not mandatory, since later on inactive ammonia is added. The 

reduction mixture was pre-treated with 1.5 ml of distilled water and subsequently the reactor 

was connected to the setup. Then the target content was introduced into the reactor, while 

stirring the mixture. The reduction reactor is continuously saturated with inactive ammonia to 

facilitate the [13N]NH3 transport and separation from air and water, by a flow of a He 

containing 3.0 vol. % NH3 (3.0 vol. % NH3/He) with 10 cm3/min through the setup. The 

labelled ammonia is transported to a GC passing a NaOH filter. The production process of 

ammonia was monitored with NaI detectors. All used tubes were made of stainless steel, with 

a 2 mm internal diameter and were heated up to 400 K. 
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Figure 2.1: Setup for the production of [13N]NH3. NaI detector (1) monitors the production of 

gaseous ammonia, NaI detector (2) monitors the sample loop of the GLC, NaI detector (3) 

monitors the GC outlet. 

 

The schematic setup is presented in Fig. 2.1. On a GC (Chrompack CP9001 

chromatograph), a 6-way heated pneumatic valve was installed with a sample coil of 5 ml 

(SS, 3x2 mm). A NaI detector measured continuously the passing activity through the sample 

loop. A GC run was remotely started at the moment that the sample loop was filled with 

[13N]NH3. The GC was equipped with a Haysep P column (SS, mesh 80 - 100, O.D. 1/8).  

The GC run was always started at 363 K, after 1 min the temperature was increased with 10 

K/min to 403 K. The products were analysed by a thermal conductivity detector (TCD). A 

non-compensated TCD was used because the measured gases were detected at relatively low 

concentrations. A NaI detector, directed at the TCD, monitored labelled products. Behind the 

TCD detector a heated electrical 3-way valve was installed to select only a small part from 

the [13N]NH3 peak. Depending on the catalyst, a pulse time of 2 - 10 s was used to inject the 

labelled gaseous ammonia into the reactant stream.  

 

2.3 Results and discussion 

2.3.1 Production of 13N 

The reaction 16O(p,α)13N has a threshold energy of 5.54 MeV [Lindner et al., 1979] and the 

half time of 13N is 9.965 min. The produced activity was calculated with Equation 1: 
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      (Eq. 1) 

where A is the produced activity (Bq), λ the decay constant (s-1), t the radiation time (s), n the 

number of target nuclei per mass (atoms/kg), I the beam current (A), q the charge of the 

projectiles (C), Ei, and Ef the initial and final energy of the projectiles respectively (MeV), 

σ(E) the cross section (m2) as a function of projectile energy (MeV), dE/d(ρx) the stopping 

power (MeV·m2/kg). The cross section of the 16O reaction was adapted from [Whitehead et 

al., 1958], and the stopping power was obtained by the TRIM computer program. The 

produced activity in a standard irradiation procedure as described above results theoretically 

in an activity of 0.24 GBq (EOB). However, in practice a 30 - 50 % lower value must be 

expected due to decay, incomplete recovery of nitrate from the target and incomplete 

conversion into NH3. This practical yield is estimated to be sufficient to perform the PEP 

measurements. 

 

2.3.2 Radionuclidic purity of the irradiated water  

Irradiation of water with 16 MeV protons leads to formation of 18F (t1/2 1.8 h), due to the 

nuclear reaction 18O(p,n)18F with a threshold of 2.6 MeV. Nitrogen dissolved in the water 

might cause formation of 11C via the reaction 14N(p,α)11C. Flushing the water with He 

removes nitrogen and therefore no substantial contamination with 11C is expected. The 

reaction 16O(p,pn)15O has a threshold energy of 16.6 MeV [Mulholland et al.,1990] and thus 

will be absent.  

The 18F and 11C contents in the irradiated water were measured with NaI detectors, 

placed relatively far from the radiation source, so the dead time could be neglected. Equation 

2 was used to calculate the fraction of the 18F and 11C relative to that of 13N, 

ttt

0

CFN eb)-a-(1  eb  ea  
N
N ⋅λ−⋅λ−⋅λ− ⋅+⋅+⋅=       (Eq. 2)  

 

where N is the count rate (s-1), N0 is the count rate at EOB (s-1), a the fraction of 13N, b the 

fraction of 18F, (1-a-b) the fraction of 11C,  λN and λF, λC the decay constants of 13N, 18F and 
11C, respectively (s-1) and t the decay time (s). Fitting Equation 2 to the measured decay curve 

resulted in an 18F-impurity level in the target water at the EOB of 1.8 ± 0.1 %. It also 

appeared that the contribution of 11C could be neglected as the best fitting accuracy was 

obtained with the value of (1-a-b) equal to zero. 
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2.3.3 Radionuclidic purity of the gaseous [13N]NH3 

The formation of gaseous ammonia is performed in a strong alkaline environment, 

chemically not a favourable condition for release of gaseous HF or CO2, if formed at all. The 

gaseous products formed during the nitrate reduction with DeVarda’s alloy were collected in 

an aqueous dilute hydrochloric acid solution. The radionuclidic purity of the dissolved 

ammonia was checked by measuring the decay with two NaI-detectors. One detector (1) was 

measuring at a relatively low counting rate, since it was placed relatively far (about 0.6 m) 

from the water solution. The second detector (2) was placed nearby (about 0.1 m) and was 

measuring at a relatively high counting rate. The half-life was determined by fitting Equation 

3 to the measured decay profiles. 
t

0 eN  N λ−⋅=                                                                                            (Eq. 3) 

 

where N is the count rate (s-1), λ the decay constant (s-1), N0 the count rate at the start of the 

measurement (s-1), t the decay time (s). The actual value of the half-life was calculated by 

taking into account the dead time τ (s) of the detectors. Mainly at high counting rates, viz. at 

the start, this effect becomes significant, resulting in an apparently longer half-life. For the 

detection system the non-paralysable model applies. In this case, the true rate N is calculated 

from the measured rate M (s-1) and dead time τ (s) by Equation 4: 

N  1
N  M
⋅τ+

=
         (Eq. 4) 

 

By iterative fits of equations (3) and (4) to the measured profiles, the dead time of both 

detectors and the decay constant were determined. This resulted in a dead time of 1.3 µs for 

both detectors and a half-life of 9.95 ± 0.05 min and 9.93 ± 0.04 min for detector (1) and 

detector (2) respectively. These results correspond well to the half-life of 13N of 9.965 min.  

Figure 2.2 shows the measured profiles corrected for dead time and the fitted decay 

profiles. The results indicate a high level of radionuclidic purity for the gaseous [13N]NH3, 

implying no detectable contamination by 18F or 11C present in the gas phase after the 

absorption step for acidic gases with NaOH. 
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Figure 2.2: Measured decay profiles for detector (1) and detector (2), both corrected for dead 

time. The solid lines represent the fitted decay curves. 

 

2.3.4 Radiochemical purity of the gaseous [13N]NH3 

The gaseous products after the DeVarda’s alloy reduction were separated with a Haysep 

column and monitored with a TCD. The measured retention times for possibly present 

hydrogen, nitrogen, oxygen and/or carbon containing by-products are presented in Table 2.2. 

The measured retention times of these by-products were sufficiently different from that of 

ammonia, indicating that the ammonia could be well separated. 

 

Table 2.2: Retention times of O2, H2, CO, CO2, N2, NO, N2O, NH3, H2O through the Haysep 

P column. 

Molecule O2 H2 CO CO2 N2 NO2 NO N2O NH3 H2O 

Retention time [s] 35 40 40 40 40 40 70 110 140 205 

 

The usual GC chromatogram of the products from the 13NH3 production contains three peaks: 

N2/O2 (air), NH3 and water. Hydrogen is also formed in a small amount and the hydrogen 

peak overlaps with the N2/O2 peak. The 3.0 vol. % of NH3 in the He stream causes the 

appearance of a NH3 peak in the chromatogram, which is presented in Fig. 2.3. The increased 

base line is a GC artefact. The TCD was used in non-compensated mode and the temperature-

programmed operation of the GC is causing the increase of the base line. 
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Figure 2.3: Chromatogram of gasses originating from the production of [13N]NH3 with the 

DeVarda’s alloy method. 

 

Since the ammonia peak does not coincide with any other, from Fig. 2.4 it can be 

concluded that labelled ammonia is the only measured radioactive product from the modified 

DeVarda’s production method and chemically pure [13N]NH3 can be collected. The retention 

time of radiolabelled ammonia is about 7 s delayed from the retention time measured with the 

TCD due to the position of the NaI detector. Six relatively small peaks before the [13N]NH3 

peak are present, due to the geometry of six coils of the GC system. The NaI detector 

measures the background activity passing through the column, and the peaks correspond to 

the activity at the closest position to the NaI detector. The cause of the elevated base line in 

Fig. 2.4 is the background of the radioactivity present in the setup during the nitrate 

reduction, as all the setup units are close to each other. 
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Figure 2.4: Chromatogram of labelled compounds from the production of [13N]NH3 with the 

DeVarda’s alloy method. 
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2.3.5 The reduction to ammonia 

a) Pre-treatment of the DeVarda’s alloy and NaOH with water  

The reduction of nitrates and nitrites to ammonia is performed with DeVarda’s alloy (50 % 

Cu, 45 % Al, 5 % Zn) and NaOH. Aluminium in alkaline environment dissociates water and 

catalyses hydrogen formation. Copper and zinc catalyse the reduction of nitrates to ammonia. 

The addition of water to a mixture of DeVarda’s alloy and NaOH powder causes two effects: 

overpressure in the setup and the dilution of the produced [13N]NH3 by a flow of steam and 

hydrogen. Pre-treatment of the reduction mixture with demineralised water slightly 

deactivates the aluminium and NaOH is partially dissolved. In this way the introduction of 

the irradiated water into the formed sludge produces a more concentrated stream of gaseous 

[13N]NH3 and the overpressure is greatly reduced. The amount of water used for the pre-

treatment of the alloy influences significantly the activity of the DeVarda’s alloy and the 

production time of gaseous ammonia.  
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Figure 2.5: Influence of the water pre-treatment of the DeVarda’s alloy and NaOH mixture 

on the production of [13N]NH3. The pre-treatment was carried out with 0.75, 1.5 and 3.0 ml 

of water. The NaI detector monitored the activity in the sample loop of the GC. 

 

In Fig. 2.5 the results of the water pre-treatment are presented for volumes of 0.75, 

1.5, 3 ml water. After the start of the reduction process it takes between 40 - 60 s to reach the 

maximum of the evolution of the labelled products. In this time frame a sample is taken from 

the gas stream and injected in the GC, to obtain a maximum yield of [13N]NH3. With addition 

of 0.75 ml water the ammonia evolution is irregular and with a relatively high overpressure, 

making the control of sampling for GC separation difficult. Addition of 1.5 ml water to 
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causes a smooth [13N]NH3 evolution profile, enabling a more predictable production of label-

led ammonia. Addition of 3 ml water lowers the rate of evolution of labelled ammonia, which 

is a disadvantage for sampling labelled ammonia as concentrated as possible. The smallest 

volume of water is optimal in respect to concentrated evolution, however, this entails a 

problem with controlling the reaction. Therefore, the 1.5 ml volume was the best 

compromise. 

 

b) Drying process  

It was observed that storage of DeVarda’s alloy under ambient conditions causes deactivation 

of the alloy in time. This effect is probably due to oxidation. In the literature a drying process 

is mentioned as one of the preparation steps in the DeVarda’s alloy method [Sleegers et al., 

1980; Suzuki et al., 1999]. Usually the alloy is heated above 425 K for several hours with or 

without vacuum. It was investigated whether the drying step is necessary for a high 

selectivity in the nitrate reduction, especially, because the DeVarda’s alloy is pre-treated with 

water and stored under argon in a glove box.  
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Figure 2.6: The influence of drying of the DeVarda’s alloy on the production of [13N]NH3. 

The NaI detector monitored the activity in the sample loop of the GC. 

 

Figure 2.6 shows that the dried alloy is more active than the not dried one when both 

mixtures were pre-treated with 1.5 ml of water. The formed [13N]NH3 peak of the dried alloy 

is relatively sharp with a steep decrease of the signal compared to that of the not dried 

sample. The latter shows a maximum with a more tailing decrease. This implies that the dried 

alloy has a higher activity, but the formation of [13N]NH3 is fast and not predictable. The 
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process is better controlled when the alloy is not dried as a pre-treatment step and the 

concentration of [13N]NH3 is sufficient to produce a radiolabelled gaseous pulse. 

Thus, the drying step is not necessary to obtain higher yields of radiolabelled 

ammonia in the nitrate reduction. The alloy is sufficiently preserved from deactivation by 

storage under air-free conditions. Moreover, the reduction process is better controlled if the 

alloy is not dried. This means that a time-consuming drying step is left out in the [13N]NH3-

production. 

 

c) Volume of irradiated water. 

The irradiated volume of water is 7 ml, however, the volume used in the ammonia production 

was varied, while the reduction mixture was pre-treated with the optimal amount of 1.5 ml of 

water and a constant amount of DeVarda’s alloy and NaOH in excess was used. Figure 2.7 

shows the difference in the ammonia evolution when using 3 ml or 7 ml of irradiated water. 

Radiolabelled ammonia evolves in two steps as evidenced by the two peaks observed. The 

first peak is due to the reaction of the first drops of nitrate solution with the alloy. Because of 

that, this peak is similar for all the used amounts of irradiated water. This ammonia peak 

evolves fast and the concentration of this peak compared to the second peak can differ as may 

be observed in Fig. 2.5. Therefore, this situation is not favourable for the ammonia sampling 

to the GC. The second ammonia peak corresponds to ammonia evolution from the total 

volume of irradiated water flushed on the reduction mixture. It was convenient to use this 

later evolved [13N]NH3 for sampling into the GC. Sampling is preferentially started when the 

maximum activity is reached in the sample loop. It was observed that the smaller the amount 

of irradiated water the faster ammonia is transferred from the liquid phase to the gas phase 

and furthermore was this second peak more concentrated. When 7 ml is used, the transfer of 

ammonia to the gas phase is slower and the injection to the GC has to be postponed. The time 

shift is about 40 s compared to the 3 ml of used irradiated water. An additional problem is 

caused by evaporated water, which saturates the heated tubes, especially when more 

irradiated water is used. This leads to a lower concentration of ammonia that can be separated 

in GC. Eventually, this [13N]NH3 pulse is less suitable to be injected into the PEP reactor 

because its radioactive concentration is hardly higher than 0.1 MBq. Experimentally it was 

observed that the volume of about 3 ml of irradiated water is a good compromise for our 

system. The evolution of [13N]NH3 is relatively fast, the setup is not saturated with water, and 

still a satisfactory radioactive concentration is obtained.  
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Figure 2.7: The influence of the amount of irradiated water used on the production of 

[13N]NH3. The NaI detector monitored the activity in the sample loop of the GC. 

 

2.4 The overall production method 

The total production time, from EOB to the radioactive ammonia pulse, is about 8 min. The 

production of radioactive pulses can be repeated batch-wise every 20 min. The actual yield of 

the reproducible ammonia pulses of 5 s (1.1 ml) measured on an ammonia absorber with PEP 

is 3.5 ± 0.5 MBq. The conversion of the annihilation gamma reconstructions measured with 

PEP into MBq 13N was done with a uniform and calibrated 22Na line source. To estimate the 

actual radioactivity EOB from the activity in the pulse the following production steps were 

considered. First, it was taken into account that only a part of the [13N]NH3 evolved is used 

for the radiolabelled pulse (about 50 % of the flow from the GC, which in turn sampled about 

25 % of the evolved ammonia). Second, the conversion of [13N]NO3
- into [13N]NH3 is lower 

than 100 % (taken here as 90 %) and a fraction of 3/7 of irradiated water is used for 

reduction. Third, in the estimation of activity at EOB also the decay (about 8 min) of 13N was 

corrected for. The actual activity at EOB from the target is estimated at about 0.12 GBq, half 

of the theoretical activity of 0.24 GBq. Apparently, some losses may be larger than estimated 

or may not be taken into account at all, for instance absorption of nitrate or nitrite in the 

target and transport system. Also ammonium ions may remain in the reductor, while 13N 

produced in the target may be present in forms other than dissolved nitrate or nitrite.  

 

2.5 Conclusions 

For the purpose of catalytic studies with PEP chemically pure gaseous [13N]NH3 pulses have 

been produced using the 16O(p,α)13N reaction and the DeVarda’s alloy reduction method. To 
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facilitate smooth evolution of gaseous [13N]NH3 from the irradiated water, the DeVarda’s 

alloy method was adjusted. Pre-treatment of DeVarda’s alloy with water improved the 

manageability and reproducibility of the [13N]NH3 pulses and also the concentration of the 

labelled ammonia in the pulses. On the other hand, the time-consuming drying step of 

DeVarda’s alloy was shown not to be necessary if the alloy is stored in an oxygen-free 

environment. Under the present conditions of irradiation of 7 ml of water with 500 nA 16 

MeV protons for 10 min the actual activity of the pulse of labelled gaseous ammonia in the 

PEP reactor is 3.5 ± 0.5 MBq, which meets the requirements for catalytic studies. Chemical 

purity is achieved by a simple GC purification step, easily separating ammonia from air, 

hydrogen and water. The method prevents adequately contamination from other radionuclides 

formed, in particular 18F. The time from EOB to the radioactive ammonia pulse, which can be 

injected directly into the PEP equipment, is 8 min, so that production of radioactive pulses 

can be repeated batch-wise every 20 min.  
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Chapter 3 

 

 

Production of chemically pure gaseous [15O]O2  

for PEP studies:  
14N(d,n)15O and 16O(p,pn)15O nuclear reactions 

 

 

 

 

 

 

 

 

Abstract 

Two fast and reproducible production methods for pure gaseous [15O]O2 pulses have been 

developed. 15O was produced by irradiation of nitrogen with 500 nA of 9.2 MeV deuterons 

via the 14N(d,n)15O reaction and by irradiation of oxygen with 500 nA of 26 MeV protons via 

the 16O(p,pn)15O reaction. Separation and further purification of [15O]O2 were performed with 

absorbers and gas chromatography for both methods. The 14N(d,n)15O production method 

leads to 5 s pulses (1.1 ml STP) with an activity of 0.83 MBq/ml. The [15O]O2 pulses have a 

high chemical and radionuclidic purity and are suited for positron emission profiling (PEP). 

The 16O(p,pn)15O production method leads to 5 s pulses (1.1 ml STP) with 0.15 MBq/ml. 

These pulses have a high radiochemical purity, but a relatively low specific activity since the 

pulses contain a mix of 16O2 and 15O2. Still, this method can be applied in the PEP studies.  
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3.1 Introduction 

Currently, [15O]O2 is used for imaging studies of oxygen uptake in muscles [Nuutila et al., 

2000; Kalliokoski et al., 2001], blood [Clark et al., 1987; Goins et al., 1998; Ukkonen et al., 

2001] and brain tissue[Saha et al., 1994; Sasaki et al., 2001]. The production methods for 
15O-labelled molecular oxygen have been driven by biomedical applications, especially 

Positron Emission Tomography (PET). The PET experiments do not require chemically pure 

[15O]O2, it can be mixed with target gas (mainly nitrogen). The presented method is focused 

on production of labelled and chemically pure 15O2(g) concentrated in a small volume, to be 

injected as a pulse into a gas stream of reactants.  

[15O]O2 can be produced using different nuclear reactions (Table 3.1): 14N(d,n)15O, 
15N(p,n)15O, 12C(α,n)15O, 13C(3He,n)15O and 16O(p,pn)15O [Fosshag et al., 2002].  

 

Table 3.1: Nuclear reactions for the production of 15O [Fosshag et al., 2002]. 

Reaction Advantage Disadvantage 
14N(d,n)15O High yield, gas target,  

high specific activity 

Deuterium source 

15N(p,n)15O High yield, gas target,  

high specific activity 

Enriched target, expensive 

12C(α,n)15O Relative high yield Solid target, use of α, 

extracting 15O 
13C(3He,n)15O Relative high yield Solid target, use of 3He, 

extracting 15O 
16O(p,pn)15O Relative high yield, gas or liquid target, 

cross-section constant over a large range 

Low specific activity 

19F(p, αn)15O Relative high yield Solid target, extracting 15O 

 

The most applied nuclear reaction is 14N(d,n)15O. For PET studies a mixture of labelled 

oxygen/nitrogen is used, thus not requiring an extensive purification. The 15N(p,n)15O 

reaction (max. σ = 150 mbarn) is not widely applied because the use of 15N is comparatively 

expensive. The nuclear reactions 12C(α,n)15O and 13C(3He,n)15O require a solid target, which 

has the disadvantage that the labelled products are difficult to get out of the solid target. The 

nuclear reaction 16O(p,pn)15O has a constant value for cross section (70 mbarn) from about 25 

- 35 MeV, which makes it possible to use protons with high energy (MeV) at which the 
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unwanted nuclear side-reactions have low cross sections. The nuclear reaction 16O(p,pn)15O 

has the disadvantage that the produced labelled oxygen is mixed with 16O2 and therefore the 

specific activity is relatively low. 

In our study the nuclear reactions 14N(d,n)15O and 16O(p,pn)15O have been applied. 

The 16O(p,pn)15O method has been studied because in the near future the new cyclotron 

facility at Eindhoven University of Technology will operate only with 16 - 30 MeV protons. 

This chapter describes both production methods for gaseous [15O16O]O2 noted as [15O]O2. 

Firstly, the theoretical activity resulting from the irradiation is calculated, which is later 

compared to the actual activity. Then, the radionuclidic and radiochemical purity of labelled 

oxygen is treated. Finally, both production methods are compared. 

 

3.2 Experimental 

3.2.1 15O production 

The 30 MeV AVF cyclotron of the Eindhoven University of Technology was used to 

accelerate protons and deuterons. 

 

a) 14N(d,n)15O method 

To produce labelled oxygen, a nitrogen gas target (75 cm3/min) at a pressure of 5 bar was 

continuously irradiated with 9.2 MeV deuterons (500 nA) in a double foil (Duratherm 600, 

thickness 15 µm) gas target. Nitrogen was acquired from Hoekloos (99.999 % N2, O2 < 5 

vpm, H2O < 5 vpm and CxHy < 0.2 vpm). After the second Duratherm foil the energy drops to 

7.1 MeV, with an energy spread of 0.1 MeV, which was calculated with SRIM [Ziegler, 

2002]. The target had an internal volume of 0.75 dm3 (diameter 25 mm, length 150 mm). The 

retention time of nitrogen in the target was one minute. The projected range of the deuterons 

with energy of 7 MeV at a pressure of 5 bar is 76 +/- 3 mm, therefore all the deuterons were 

stopped inside the target. The lateral straggling is 1.8 mm [Ziegler, 2002]. Irradiated nitrogen 

was continuously passed from the gas target (75 cm3/min) to the PEP setup. About 210 s 

elapses from the start of the irradiation (t = 0 s) until the first activity was detected in the 

laboratory. Then it takes over ten minutes before the activity of 15O is at steady state. The use 

of continuous flow has an advantage that the 15O losses, due to decay and transportation, are 

significantly lower than in a batch-wise production process. 
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b) 16O(p,pn)15O method 

The production of labelled oxygen was performed by continuous irradiation of oxygen 

(Hoekloos, 4.93 % O2/He) at a pressure of 5 bar with 26 MeV protons (1200 nA). Oxygen 

was continuously passed through the gas target (75 cm3/min) to the PEP setup. Similar to the 
14N(d,n)15O method a steady state of 15O activity is reached in the laboratory in 10 minutes 

from the beginning of bombardment (BOB). The same target, which was used for the 
14N(d,n)15O reaction, was applied. The protons lose 0.5 MeV of energy in the gas target. The 

remaining beam energy (25.5 MeV) is dumped on a carbon beamstop that is cooled with 

water.  

 

3.2.2 Separation and purification 

After bombardment, the irradiated effluent was remotely transported in 210 s through a 40 

meter Teflon tube from the target vault to the PEP laboratory. Figure 3.1 presents the 

schematic setup of [15O]O2 pulse production. The labelled effluent was led to a GC column 

passing first sodalime (mix of NaOH and KOH) and activated charcoal absorbers (Table 3.2). 

The use of these absorbers has been widely applied to remove by-products of the irradiation 

[Clark and Buckingham, 1975; Welch and Kilbourn, 1985; Palmer et al., 1995; Linde van 

der, 1999]. Sodalime was used to remove the labelled nitrogen oxide and labelled ozone, 

which decomposes into [15O](O2 + O*). Also CO2 was adsorbed on sodalime. According to 

Clark and Buckingham [Clark and Buckingham, 1975] the volume of the sodalime trap is not 

critical. To purify effluent from [15O]N2O activated carbon was applied [Fiore del et al., 

1979; Linde van der et al., 2000]. A 6-way heated pneumatic valve was installed with a 

sample coil of 5 ml (SS, 3x2 mm) to inject the purified effluent (in the adsorbers) into a GC 

column. A NaI detector measured continuously the passing activity through the sample loop. 

The separation of N2O from N2 and O2 was tested with various GC columns: Mol. Sieve 13X, 

Hayesep N and Hayesep P column. Table 3.3 presents the retention times of the target 

effluent gases in these columns. A NaI detector, directed at the outlet, monitored labelled 

products. Behind the GC column outlet a heated electrical 3-way valve was installed to select 

only a small part from the [15O]O2 peak. Depending on the catalyst a pulse time of 2 - 10 s 

was used to inject the labelled gaseous oxygen into the reactant stream. The PEP reactor 

outlet was monitored with a NaI detector and a mass spectrometer (MS). 
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Table 3.2: Technical specifications of the used absorbers: sodalime and charcoal. 

Absorbers Particle size 

[mm] 

Volume of the trap 

[cm3] 

Removed molecules 

Sodalime 2-5 7.5 [15O]NO2, [15O]O3, CO2 

Activated carbon 5 15 [15O]N2O 

 

Table 3.3: The retention times of the target effluent gases in: Mol. Sieve 13X (used at 298 K), 

Hayesep N (used at 373 K) and Hayesep P column (used at 373 K). 

GC column O2  

ret. time [s] 

CO2  

ret. time [s] 

N2  

ret. time [s] 

NO  

ret. time [s] 

N2O  

ret. time [s] 

Mol. Sieve 

13X 

101  123   

Hayesep N 29  29  62 

Haysep P 35 40 40 70 110 
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Figure 3.1: Setup for the production of [15O]O2. NaI detector (1) monitors the target effluent, 

NaI detector (2) monitors the target effluent after absorbers, NaI detector (3) monitors the 

sample loop of the GC column, NaI detector (4) monitors the GC column outlet, NaI detector 

(5) monitors the PEP outlet. 
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3.3 Results and discussion 

3.3.1 Production of 15O 

a) 14N(d,n)15O method 

The reaction 14N(d,n)15O has no threshold energy, the reaction takes place when the energy is 

large enough to overcome the Coulomb barriers. The stopping power is calculated by the 

SRIM computer program [Ziegler, 2002]. The amount of the major by-product, 16N, is 

estimated to be 22 MBq, assuming a constant cross section of 900 mb. The produced 

theoretical activity is calculated with Equation 1 presented in paragraph 2.3.1. The total  

theoretical activity of the 15O atoms is 290 MBq (3.9 MBq/ml) after one minute of 

irradiation. After the transportation to the PEP detector it wil decay to 1.2 MBq/ml. This 

theoretical yield is estimated to be sufficient to perform the PEP measurements. In practice a 

30 - 50% lower value is observed due to the dynamics inside the target, activity losses in the 

tubes and longer transportation time. The practical activity, measured with PEP using a 

calibration sample of 22Na, is 0.83 MBq/ml at steady state production.  

 

b) 16O(p,pn)15O method 

The reaction 16O(p,pn)15O has a threshold energy of Ethres = 16.7 MeV. The maximum cross 

section for this reaction is 75 mb, at about 50 MeV. No reactions are found in literature for 

protons with this energy reacting with He. The threshold energy for the 16O(p,pn)13N reaction 

is 5.5 MeV and at 26 MeV the cross section for this reaction is about 15 mb [Keller et al., 

1974]. The maximum of the cross section for this reaction is at 12 MeV (55 mb). The 

calculated theoretical activity in the form of 13N (by-product) is about 9 MBq. The theoretical 

activity in the form of 15O is 37 MBq (0.6 MBq/ml), which after transport to the PEP detector 

would be about 0.2 MBq/ml. This theoretical yield is not high, however sufficient to perform 

the PEP measurements. In practise, 0.15 MBq/ml is measured with PEP using a calibration 

sample of 22Na.  

 

3.3.2 Radionuclidic purity 

a) 14N(d,n)15O method 

The radionuclidic impurities of produced with this method reported in literature are 11C, 13N 

and 16N [Clark and Buckingham, 1975; Welch and Kilbourn, 1985; Vonkeman, 1990; 

Mackay et al., 1999]. Irradiation of nitrogen with 7 MeV protons leads to the formation of 
11C (t1/2 20.39 min), due to the nuclear reaction 14N(d,αn)11C with a threshold energy of 5.9 
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MeV [Clark and Buckingham, 1975]. 13N is formed via the 14N(d,t)13N reaction, which has a 

threshold energy of 4.9 MeV (Clark and Buckingham, 1975]. In nature, 0.37 % of all nitrogen 

is 15N2. This results in 16N formation by the 15N(d,p)16N reaction. For 2.6 MeV the cross 

section for this reaction is 890 mb [Landolt et al., 1995]. The half time of 16N is so small (7.1 

s) that it forms no significant contamination after the activity transport to the PEP detector.  

The 13N and 11C contents in the irradiated nitrogen are measured with NaI detectors, 

in which a dead time of 1.3 µs is taken into account. Equation 1 is used to calculate the 

fraction of the 13N and 11C relative to that of 15O: 

ttt

0

CNO eb)-a-(1  eb  ea  
N
N ⋅λ−⋅λ−⋅λ− ⋅+⋅+⋅=       (Eq. 1)  

 

where N is the count rate (s-1), N0 is the count rate at the end of bombardment (EOB) (s-1), a 

the fraction of 15O, b the fraction of 13N, (1-a-b) the fraction of 11C, λO and λN, λC the decay 

constants of 15O, 13N and 11C, respectively (s-1) and t the decay time (s). 
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Figure 3.2: Fit of the decay curve of the target effluent produced via the 14N(d,n)15O method. 

 

Figure 3.2 shows the fit of the decay curve, which gave a composition of 97.6 % 15O, 1.5 % 
13N and 0.9 % 11C, with accuracy of R2 = 0.9997. The radiolabelled by-products are present 

in in the target effluent in small quantities, which is an advantage of this irradiation method. 

Additionally, a gamma spectrum of the target effluent was recorded, which verified that 

produced γ photons only originate from positron emitting molecules.  

 

b) 16O(p,pn)15O method 

Radionuclidic impurities that can be formed during irradiation of 16O2 with protons are, 18F, 

17F and 13N  [Parks et al., 1975; Stöcklin, 1988]. Irradiation of 18O leads to formation of 18F 
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(t1/2 109.77 min), this reaction has a threshold of 2.59 MeV with cross section of 700 mb at 5 

MeV. The natural abundance of oxygen isotopes are: 99.76 % is 16O, 0.20 % is 18O and 0.038 

% is 17O. The formation of 17F (t1/2 66 s) proceeds by the 17O(p,n)17F and 18O(p,2n)17F 

reactions. Threshold energies for these reactions are not known. No significant contribution 

of this by-product is expected because the quantities of 18O and 17O in the target are very low. 

The 13N can also be formed as by-product in the production process of [15O]O2 via the 
16O(p,α)13N reaction, which has a threshold energy of 5.5 MeV [Landolt et al., 1995]. The 

formation of 11C will not occur because the threshold energy of 16O(p,αpn)11C reaction is 

27.5 MeV. 

The 15O, 13N and 18F content in the irradiated oxygen/helium flow is measured with 

NaI detectors, a dead time of 1.3 s is taken into account. Equation 2 is used to calculate the 

fractions of the by-products, with a difference that instead of 11C labelled 18F is calculated. 

The fit (Fig. 3.3) gave a composition of 97.2 % 15O, 1.9 % 13N and 0.9 % 18F, with accuracy 

of R2 = 0.9996. The gamma spectrum of the target verified that produced γ-photons only 

originate from positron emitting molecules. Again this method mainly leads to 15O, which is a 

satisfactory result. 
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Figure 3.3: Fit of the decay curve of the target effluent produced via 16O(p,pn)15O method. 

 

3.3.3 Radiochemical purity of the gaseous [15O]O2 

a) 14N(d,n)15O method 

Contaminations of 14N(d,n)15O reaction that were reported in literature are 15O labelled N2O, 

NO2, CO, CO2 and O3, and some [13N]N2 [Clark and Buckingham, 1975; van der Linde, 

1999; Mackay et al., 1999]. During irradiation also non-labelled CO2 and N2O are formed 

[Ferrieri and Wolf, 1983; van der Linde, 1999]. The target effluent is separated in the GC 
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columns to determine the present contaminants. Figure 3.4 shows that in the Molsieve 13X 

column oxygen is well separated from nitrogen. A small peak of CO2 is detected with a 

retention time similar to that of N2. The oxygen peak measured with mass spectrometry 

corresponds to the peak measured with NaI. Therefore, it is assumed that this NaI signal 

corresponds to [15O]O2. Next to [15O]O2 no other radiolabelled products are detected with the 

NaI detector. The background noise of the NaI detector is about 2 - 3 %. Since the N2 peak is 

severely broadened, the concentration level of [13N]N2 could be similar to the background 

noise. Thus, up to 2 - 3% of [13N]N2 could be present in the target effluent. Impurities like 

[15O]O3 are not separately detected, which suggests that they coincide with the oxygen or 

nitrogen signal. It must be noted that N2O is not detected with MS because of the strong 

adsorption of N2O in the Molsieve column.  
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Figure 3.4: NaI (dashed line) and MS (solid lines) signal of target effluent passed over 

Molsieve 13X column. Scale of radioactivity (NaI) not shown. 

 

The target effluent is further investigated by passing the flow to the Haysep N column 

(Fig. 3.5). Next to a small amount of CO2, also N2O is detected. The NaI detector shows also 

a peak at a retention time of N2O, indicating that [15O]N2O is present in the effluent. Since 

the retention times of O2 and N2O are different, [15O]O2 can be well separated. However 

[15O]O2 is mixed with N2, because the retention time of nitrogen is the same in this column.  

To purify the effluent from [15O]NO2, [15O]O3 and [15O]CO2 and [15O]N2O the 

sodalime and charcoal adsorbers are used. The sodalime trap adsorbs less than 4 % of the 

total activity, probably in form of [15O]NO2, [15O]O3 and [15O]CO2 [Clark and Buckingham, 

1975; Welch and Kilbourn, 1985; Palmer et al., 1995; Linde van der, 1999], and another 4 % 
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of the activity is lost due to decay of 15O in the trap (not shown). This means that after the 

effluent passed the sodalime it contains [15O]O2, [15O]N2O and [13N]N2. The activated carbon 

trap is tested for trapping [15O]N2O. The total activity in the trap is reduced to about 72 %, 

due to long residence time of [15O]O2 in the absorber and thus mainly caused by the 15O 

decay. Table 3.4 shows the amount of the radiochemical impurities in the target effluent.  
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Figure 3.5: NaI (dashed line) and MS (solid lines) signal of target effluent passed over the 

Haysep N column. Scale of radioactivity (NaI) not shown. 

  

b) 16O(p,pn)15O method 

The presence of [15O]N2O in the effluent is proved with the Haysep P column, in which a 

very small radioactive peak is observed with the retention time of N2O (Fig. 3.6). The amount 

of [15O]N2O is relatively small. The oxygen signal is very large because the effluent contains 

5 vol. % of O2. The NaI detector shows a peak corresponding well to the oxygen signal. Since 

at this retention time also nitrogen is detected, the radioactive signal is a mixture of labelled 

oxygen, nitrogen and possible carbon dioxide.  

To separate oxygen from nitrogen a Mol. Sieve 13X column is used, as presented in 

Fig. 3.7. The NaI signal indicates that only labelled oxygen is present. Together with the 

oxygen signal a very small peak at m/e 44 is observed, which is assigned to CO2. N2O is not 

measured with MS and NaI because N2O is strongly adsorbed in the Mol. Sieve 13X column 

at 298 K. The desorption of N2O from the Mol. Sieve 13X is observed above 373 K. The 

purification of the effluent from carbon dioxide and other by-products is performed with a 

sodalime trap. The CO2 peak mentioned is not present in the MS spectrum when the target 

effluent is first passed to a sodalime trap (not shown). The loss of activity in the sodalime trap 
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was 4 % of the total activity due to decay of 15O and adsorption of [15O]NO2, [15O]O3 and 

[15O]CO2 in the trap. Table 5 shows the total composition of the target effluent. 
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Haysep P column. Scale of radioactivity (NaI) not shown. 
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Figure 3.7: NaI (dashed line) and MS (solid lines) signal of target effluent passed over the 

Mol. Sieve 13X column. Scale of radioactivity (NaI) not shown. 

 

3.4 The overall production method 

a) 14N(d,n)15O method  

Table 3.4 shows the total composition of the target effluent, derived from the experiments 

described above. The pure gaseous [15O]O2 pulses are produced in the following way. The 

irradiated effluent flow is continuously passed to the PEP laboratory, it takes about 10 

minutes (from BOB) before a steady state is reached in the laboratory. Then, the effluent is 

passed through the sodalime and charcoal absorbers. The effluent is purified from NO2, O3 
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and CO2 and N2O. The total radioactivity is reduced to about 64 %, mainly due to [15O]O2 

decay in the adsorber column. To separate [15O]O2 from nitrogen the Mol. Sieve 13X is used, 

since the retention time of both gases differ in this column. With the use of a 3-way valve a 

gas pulse of [15O]O2 is injected into the PEP reactor. The production of radioactive pulses can 

be repeated batch-wise every minute. The actual yield of the reproducible oxygen pulses of 5 

s (1.1 ml STP) measured on an oxygen absorber with PEP is 0.83 MBq/ml. 

 

Table 3.4: Composition of labelled products in the target effluent of the 14N(d,n)15O reaction. 

Compound Composition [%] 
15O labelled species 97.6  
13N labelled species 1.5  
11C labelled species 0.9  

[15O]O2 85  

[15O]N2O 8  

[15O]CO2  +  [15O]NO2 < 4  

[13N]N2 < 1.5  

[11C]CO  +  [11C]CO2 < 0.9  

[15O]O3 Not determined 

 

b) 16O(p,pn)15O method 

Table 3.5 shows the total composition of the target effluent from the 16O(p,pn)15O irradiation 

method. The target effluent contains similar by-products as the effluent of the 14N(d,n)15O 

irradiation. The same purification setup is used to produce the [15O]O2 pulses. The sodalime 

and charcoal absorbers are used, followed by a separation of oxygen and nitrogen in the Mol. 

Sieve 13X column. Since the target effluent is continuously led to the PEP laboratory the 

[15O]O2 pulses can be injected at time intervals of one minute. The total production time, 

from EOB to the radioactive oxygen pulse, is approximately 5 min. The actual yield of a 15O-

oxygen pulse is 0.15 MBq/ml.  
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Table 3.5: Composition of labelled products in the target effluent of the 16O(p,pn)15O 

reaction. 

Compound Composition [%] 
15O labelled species 97.2 
13N labelled species 1.9 
18F labelled species 0.9 

[15O]O2 90 to 95 

[15O]N2O or [13N]N2O < 2 

[15O]CO2 + [15O]NO2 + [13N]NO2 < 4 

[13N]N2 < 1 

[15O]NO  or  [13N]NO < 1 

[15O]O3 Not determined 

 

3.5 Comparison of 14N(d,n)15O and 16O(p,pn)15O production method 

Both production methods require a simple purification step with the sodalime and charcoal 

absorbers followed by a separation in a GC column. The produced [15O]O2 pulses can be 

injected into the PEP reactor every minute. The specific activity of the labelled oxygen 

produced via the 16O(p,pn)15O method is much lower due to use of oxygen as a target gas, 

[15O]O2 is not carrier-free. The 14N(d,n)15O method is preferred, because labelled oxygen is 

produced carrier-free and it has a  higher specific activity. 

 Another important point is the safety aspect of both irradiation procedures. The use 

of 26 MeV protons produces much more background radiation in the cyclotron building than 

the use of deuterons at 9.2 MeV. For that reason, only the irradiations with very low currents 

are performed resulting in a relatively low yield. In the near future, the new cyclotron facility 

at Eindhoven University of Technology will be much better protected. Since the new 

cyclotron operates only with 16 - 30 MeV protons, the 16O(p,pn)15O method is the remaining 

option. The optimisation of the beam current and oxygen ratio in the gas target can greatly 

improve the yield of activity.  

 

3.6 Conclusions 

For the purpose of catalytic studies with PEP chemically pure gaseous [15O]O2 pulses have 

been produced using the 14N(d,n)15O and 14N(d,n)15O reaction. Both methods are based on the 

irradiation of a gaseous target. In this way the target effluent is easily transported to the PEP 
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laboratory. The radiolabelled by-products of the irradiations are short living isotopes: 13N, 17F 

and 18F (16O(p,pn)15O method) and 13N, 16N and 11C (14N(d,n)15O method). 

Chemical purity is achieved by application of charcoal and sodalime absorbers and 

oxygen separation in GC columns. The production of the radioactive pulses at a steady state 

irradiation can be repeated batch-wise every minute. Both production methods are 

reproducible, fast and simple to operate. The 14N(d,n)15O method produces carrier-free 

[15O]O2 pulses with a sufficient specific activity. The specific activity of the 16O(p,pn)15O 

production method is much lower due to 16O-oxygen carrier gas.  
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Abstract 

Positron emission profiling (PEP) is applied to study the adsorption and dissociation of 

ammonia on metallic and pre-oxidised platinum sponge in the temperature range 323 - 573 K. 

The results show that ammonia weakly interacts with platinum without dissociation. On the 

contrary, pre-oxidised platinum is able to dissociate ammonia. With increasing temperature 

more ammonia is converted into N2, N2O and H2O. Adsorbed NO appears to be an important 

intermediate, while its formation strongly depends on the oxygen surface coverage. 

Temperature programmed experiments are performed to characterise the adsorbed nitrogen 

species. Furthermore, H2, NH3 and NO are used to react with these adsorbed nitrogen species. 

These experiments indicate that mainly NH and NH2 species are present at the platinum 

surface. 
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4.1 Introduction 

Low temperature selective oxidation of ammonia with oxygen, to nitrogen and water, forms a 

potential solution to several ammonia spills. Theoretical calculations and ultra high vacuum 

(UHV) experiments provided many insights into the interactions of ammonia with oxygen on 

platinum [Mieher and Ho, 1995; Bradley et al., 1995, 1997; Fahmi and van Santen, 1996; 

Garcia-Hernandez et al., 1999]. However, the adsorption of ammonia and its subsequent 

oxidation have not been extensively studied at atmospheric pressure. Our transient ammonia 

pulse experiments studied in situ with positron emission profiling (PEP) may offer valuable 

information on the ammonia adsorption and dissociation activated by oxygen on pure 

platinum catalysts. These are the first elementary steps in the low temperature ammonia 

oxidation. 

On clean Pt single crystals three molecular ammonia desorption states are observed, at 

low coverage the strongly chemisorbed ammonia desorbs around 400 K, weakly chemisorbed 

at 150 K and ammonia physisorbed in the multilayer at 100 K [Gland, 1980; Fisher, 1981; 

Gohndrone et al., 1989; Mieher and Ho, 1995; Bradley et al., 1997]. Fahmi and van Santen 

[Fahmi and van Santen, 1996] reported for chemisorbed ammonia a value for the adsorption 

energy of -108 kJ/mol from theory. Ammonia dissociates into nitrogen and hydrogen at 

temperatures above 530 K (135 kJ/mol) [Gland, 1980; Papapolymerou and Bontozoglu, 

1997; Bradley et al., 1997]. The ammonia dissociation can be enhanced by pre-adsorption of 

oxygen [Mieher and Ho, 1995; Bradley et al., 1997]. It is generally accepted that oxygen 

dissociatively adsorbs on platinum at low temperatures (from 160 K) [Norton, 1975; Wagner 

and Brümmer, 1978; Gland, 1980; He et al., 1999; Luerβen et al., 2000]. After dissociation, 

oxygen atoms adsorb in fcc-hollow sites on Pt(111) and form p(2x2) patterns at θO = 0.25 

ML, however a p(2x2) structure is also formed at lower coverages [Materer et al., 1995]. 

These islands remain stable up to 450 - 500 K. The dissociation of the chemisorbed oxygen 

molecules causes a transient motion of the two oxygen atoms, indicated as hot atoms 

[Wintterlin et al., 1996]. The associative desorption of oxygen occurs above 600 K on 

Pt(111), the maximum desorption rate temperature varies with the initial coverage from 740 

to 810 K [Zhdanov and Kasemo, 1998]. On stepped Pt(533) the desorption temperature is 

lowered, from 800 to 650 K, because the steps dominate the desorption process [Gee and 

Hayden, 2000]. 

The ammonia dissociation is promoted by atomic oxygen, which activates the NHx 

bond cleavage [Fahmi and van Santen, 1996]. The various formed fragments are adsorbed on 
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platinum in different configurations: NH3, OH species (1-fold); NH and NH2 adsorbates (2-

fold); H, O and N atoms (3-fold) [Fahmi and van Santen, 1996]. NO preferentially adsorbs at 

the fcc hollow site at low coverages, at higher coverages NO additionally adsorbs at the on-

top site in a tilted geometry [Matsumo et al., 2002; Aizawa et al., 2002]. Oxygen molecules 

occupy hollow sites [Bogicevic et al., 1998; Feibelman, 1997; Lynch and Hu, 2000; 

Šlijvančanin and Hammer, 2002] whereas ammonia molecules occupy on-top sites [Fahmi 

and van Santen, 1996; Illas et al., 1999]. The pre-adsorption of oxygen does not block the 

adsorption of ammonia [Bradley et al., 1997]. The product formation of the reaction between 

ammonia and oxygen is dependent on the reaction conditions i.e. pressure, reactant ratio, 

temperature and the exposed Pt surface. The group of King proposed that NO is the key 

intermediate [Bradley et al., 1995, 1997; Kim et al., 2000] and that the reaction pathway is 

dependent on the oxygen surface coverage. However, the experiments done at atmospheric 

pressure by Van den Broek [van den Broek et al., 1999] indicated that the reaction between 

the NH and OH species is the rate determining step. These species have also been detected at 

the platinum surfaces under UHV conditions [Mieher and Ho, 1995].  

In this chapter, evidence for the activation of the ammonia adsorption and dissociation 

promoted by oxygen on platinum is provided by PEP pulse experiments. The conversion and 

product formation due to [13N]NH3 pulses on pre-oxidised platinum have been studied as a 

function of temperature. Here, we will demonstrate that the product selectivity is temperature 

dependent and that a part of the injected [13N]NH3 remains at the pre-oxidised platinum 

surface. In addition, the nature of the nitrogen species, which remain after the ammonia pulse 

on pre-oxidised platinum in the temperature range up to 423 K, is further investigated with 

temperature programmed desorption (TPD) and temperature programmed oxidation (TPO), 

and the removal of the adsorbed species by H2, NH3 and NO reaction experiments. 

Furthermore, we discuss the possible role of NO as a reaction intermediate.  

 

4.2 Experimental 

4.2.1 Catalytic reactor 

The platinum sponge was acquired from Johnson Matthey. The sponge sample was of > 99.9 

% purity. The particle size of the sponge was between 250 and 350 µm and the size of the 

small non porous particles about 1.0 - 5.0 µm (Fig. 4.1). The amount of platinum sites 

calculated via BET measurement is 3.0·1018 sites/g and via the hydrogen chemisorption is 

1.3·1018 sites/g. The metal surface area is determined with BET to be 0.099 m2/g. 
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A B

 

Figure 4.1 SEM images of platinum sponge particles: (a) magnification factor 70; (b) 

magnification factor 2000.  

 

Atmospheric ammonia oxidation activity tests were performed in a fixed-bed reactor setup 

equipped with a quadrupole mass spectrometer (Balzers Instruments Omnistar GSD 3000), 

which was calibrated for on-line analysis of reactants and products. A quartz tube with an 

internal diameter of 4 mm was used as reactor. A sample of 1.8 g of pure platinum sponge 

was used in a catalytic bed with a length of 4.0 cm. The experiments were done at 

temperatures between 323 K and 673 K.  

Prior to a catalytic experiment the platinum sponge was reduced in situ by heating the 

sample in a 10 vol. % H2/He flow (40 cm3/min) from 298 K to 673 K. Subsequently the 

sample was kept at this temperature for 2 h. The catalyst was then flushed with He (48 

cm3/min) for 20 min before the reaction temperature was set. 

A pre-oxidised platinum sponge is obtained by the following treatment: the reduced 

catalyst was pre-treated with 1 vol. % O2/He flow (48 cm3/min) for 1 h at 373 K followed by 

flushing with He (48 cm3/min) for 1 h before the reaction temperature was set. Additional 

[15O]O2 PEP experiments indicated (paragraph 4.3.1) that on pre-oxidised platinum sponge 

oxygen is strongly bound and that oxygen adsorbs dissociatively at this temperature, which is 

in line with earlier reports [Norton, 1975; Wagner and Brümmer, 1978; Gland, 1980; He et 

al., 1999; Luerβen et al., 2000].  

 

4.2.2 PEP pulse experiments 

The production method of gaseous pulses of [13N]NH3 is described in chapter 2. A pulse time 

of 10 seconds was used to inject a mix of 13NH3/14NH3 into the reactant stream, henceforth 
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indicated as [ N]NH . In this way NH  (~10  moles) was measured with the mass 

spectrometer and NH  (~10  moles) was monitored with PEP. The production method of 

[ O]O  is described in chapter 3. A pulse time of 3-10 seconds was used to inject [ N]NH  

or [ O]O  into the reactant stream. 
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The reduced platinum catalyst was kept under a flow (48 cm /min) of 1.0 vol. % 

ammonia/helium or 1.0 vol. % oxygen/helium or He flow at 273 - 573 K. Subsequently, a 

pulse of [ N]NH  was injected in this ammonia/helium or oxygen/helium flow or helium 

flow. A gas hourly space velocity (GHSV) of 5700 h  is mostly used. The [ N]NH  pulse 

experiments were performed over the platinum and pre-oxidised platinum sponge in a similar 

manner. In each PEP experiment mass spectrometry was used to simultaneously monitor the 

effluent products. 
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4.2.3 Temperature programmed experiments 

Temperature programmed experiments were performed exactly 170 s (TPD) or 100 s (TPO) 

after the injection of a pulse of [ N]NH  in He flow of 40 cm /min (GHSV = 5700 hr ) at 

373 K over the pre-oxidised platinum catalyst. The temperature was raised with 10 K/min (40 

cm /min) under He (TPD) or 1.0 vol. % O /He (TPO) flow. 
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4.2.4 Removal of adsorbed species by H2, NH3 and NO 

The reaction experiments were performed more than 300 s after the injection of a pulse of 

[13N]NH3 in He flow of 48 cm3/min (GHSV = 5700 hr-1) over the pre-oxidised platinum 

catalyst at 323 - 348 K. In these experiments the He carrier flow was replaced by either 1.0 

vol. % NH3/He or 4.0 vol. % H2/He or 0.5 vol. % NO/He flow (48 cm3/min).   

 

4.3 Results and Discussion 

4.3.1 Oxygen adsorption on platinum 

Figure 4.2 shows the adsorption of [15O]O2 pulses on the platinum catalyst. The adsorption 

position shifts to the end of the catalyst bed as subsequent pulses are injected on the catalyst 

surface. These PEP images show that [15O]O2 strongly adsorbs on platinum and does not 

desorb in time. Even more, when treated with a 16O2 flow the adsorbed [15O]O2 still remains 

strongly adsorbed (Fig. 4.3). This Fig. shows that adsorbed oxygen mainly remains at the 

same adsorption position. The exchange between 15O2 and 16O  does not take place, which 

should proceed if molecular 15O-oxygen was present at the surface. This suggests that oxygen 
2
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dissociatively adsorbs on platinum, which is in agreement with earlier reports [Norton, 1975; 

Wagner and Brümmer, 1978; Gland, 1980; He et al., 1999; Luerβen et al., 2000]. Only a 

relatively small amount of the adsorbed [15O]O2 slowly moves to the subsequent positions in 

the catalyst bed. 

Figure 4.4 confirms this lack of exchange between 15O2/16O2, as the [15O]O2 pulse 

rapidly moves through the pre-oxidised catalyst bed. Because [15O]O2 does not irreversibly 

adsorb at the surface this experiment also indicates that when the platinum catalyst is pre-

oxidised no vacant sites for oxygen adsorption are left. This is in agreement with the UHV 

experiments. Under conventional UHV conditions a maximum saturation coverage of θO = 

0.25 ML is usually reached and higher coverages are only reached at higher pressures or by 

using special preparation methods [Zhdanov and Kasemo, 1998].  
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Figure 4.2: Subsequent pulses of [15O]O2 on the platinum sponge catalyst (T = 373 K, He  

flow of 48 cm3/min). 
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Figure 4.3: A [15O]O2 pulse was adsorbed on the platinum sponge kept under He flow 

followed 10 s later by a removal of 15O-species with oxygen: (a) PEP image, colour intensity 

represents the concentration of [15O]O2; (b) normalised concentration as function of time (T = 

373 K, 1.0 vol. % O2/He flow of 48 cm3/min). 
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Figure 4.4: A [15O]O2 pulse was injected on the pre-oxidised platinum sponge kept under He 

flow (T = 373 K, He flow of 48 cm3/min). 

 

4.3.2 Ammonia adsorption and dissociation on platinum and pre-oxidised platinum 

a) Activation of ammonia adsorption by oxygen 

Figure 4.5 shows that an injected radiolabelled ammonia pulse into a NH3/He flow (323 K) 

travels through the platinum catalyst bed. The retention time of [13N]NH3 through the catalyst 

bed was approximately 9 seconds. This is longer than the retention time of He (less than a 

second). At higher temperatures this ammonia retention time decreases, giving a value of 5 s 

at 423 K. Judging from the absence of broadening of the pulse, we expect that diffusion 
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limitations of ammonia in the sponge material are negligible [Ruthven, 1984]. Figure 4.5a 

shows that the ammonia adsorption equilibrium is fast and indicates a weak molecular 

adsorption of ammonia. 
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catalyst bed catalyst bed

B

C

catalyst bed

 

Figure 4.5: PEP image of a pulse injection of [13N]NH3 at 323 K (a) in a 1 vol. % NH3/He 

flow (48 cm3/min) on Pt sponge; (b) in He flow (48 cm3/min) on Pt sponge; (c) in He flow 

(48 cm3/min) on the pre-oxidised Pt sponge. The colour intensity represents the concentration 

of 13NH3 (dark = high concentration). 

 

The injection of [13N]NH3 into an ammonia-free He flow over the reduced platinum 

sponge (Fig. 4.5b) clearly shows that injected ammonia also travels through the catalyst bed 

in this case. Gas-phase analysis showed that only NH3 is detected at the reactor outlet, which 

indicates that ammonia does not dissociate under these conditions which is in line with earlier 

reports [Vajo et al., 1985; Bradley et al., 1995; Mieher and Ho, 1995]. Therefore, we 

conclude that the PEP image shows the weak binding of ammonia on platinum. A relatively 

small amount of the labelled ammonia species (15 %) remained adsorbed at the platinum 
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surface. This adsorption is most probably caused by the incomplete reduction of the platinum 

surface.   

The in situ PEP technique allows visualisation of the promoting effect of oxygen in 

ammonia adsorption and dissociation. In contrast to Fig. 4.5b, the adsorption of ammonia on 

the pre-oxidised surface (Fig. 4.5c) is strong. The 13N species are adsorbed already at the 

beginning of the catalyst bed and do not desorb from the surface during the experiment. This 

indicates that the presence of oxygen leads to enhanced dissociation of ammonia on Pt. This 

agrees with recent calculations performed by Fahmi and van Santen [Fahmi and van Santen, 

1996], who calculated that adsorbed atomic oxygen activates the N-H bond cleavage. 

Accordingly, we propose the following mechanism for the NH3 conversion: 

NH3(a) +   O(a)   NH2(a) +   OH(a)     

NH2(a) +   O(a)   NH(a)    +   OH(a)     

NH(a) +   O(a)   N(a)    +   OH(a)     

 

As we did not detect dinitrogen at the relatively low temperature of 323 K, we expect that 

atomic nitrogen is not formed. However, due to the high surface coverage of the various 

species (OH, NH2, NH, NO, N) diffusion may be impaired thereby hindering reconstruction 

to N2. In paragraph 4.3.4 and 4.3.5 the nature of these adsorbed species is investigated. The 

role of NO in the product formation is mainly addressed in paragraph 4.3.5. First, we present 

the influence of the temperature on the ammonia dissociation on the pre-oxidised platinum 

sponge. 

 

4.3.3 Influence of temperature on the ammonia dissociation on pre-oxidised Pt 

The PEP images of the radiolabelled ammonia pulses on pre-oxidised platinum change 

significantly with increasing temperature. Figure 4.6 shows the PEP images of [13N]NH3 

pulses over pre-oxidised platinum in an oxygen flow in the temperature range of 323 - 573 K 

including the integrated 13N concentration in the reactor at different temperatures as a 

function of time. At 323 K almost no gaseous products are formed and the total concentration 

of 13N remains at the catalyst (Fig. 4.6a,b). Below 423 K the PEP images are very similar and 

the 13N concentration is observed at the beginning of the catalyst bed and the total 

radioactivity profile (Fig. 4.6d) shows a sharp decrease as gaseous products are formed. The 

decrease of the 13N concentration at 423 K is due to the formation of nitrogen and some 

nitrous oxide. Figure 4.7a provides evidence for the formation of N2 and N2O by MS 
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analysis. These products evolve simultaneously as a response to the 14NH3/13NH3 pulse. The 

water formation is detected with an obvious delay comparing to N2 and N2O evolution. This 

stems from the stronger interaction of these water molecules with the catalytic surface. As 

can be observed when comparing Fig. 4.7a and 4.7b this adsorption of water is less 

pronounced at higher temperatures. The water readsorption in the catalyst bed is proven by a 

[15O]O2 experiment. In this experiment (Fig. 4.8) first [15O]O2 is adsorbed on the fresh 

catalyst than an ammonia pulse is injected to react with this adsorbed oxygen. As a result, 

only water is formed, which slowly leaves the catalyst bed (Fig. 4.8a). Figure 4.8b clearly 

presents the slow desorption process, which is in contrast with the fast desorption of nitrogen 

(Fig. 4.6b).  
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Figure 4.6: PEP images of an pulse injection of [13N]NH3 in 1.0 vol. % O2/He flow (48 

cm3/min) on pre-oxidised Pt sponge at (a) 323 K; (b) 423 K; (c) 573 K; (d) integrated 13N 

concentration as function of time for presented temperatures. The colour intensity represents 

the concentration of 13NH3. 
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Figure 4.7: Formation of N2, N2O, NO and H2O measured by online mass spectrometry on a 

response of [13N]NH3 injection in 1 vol. % O2/He flow on the pre-oxidised Pt sponge (a) at 

423; (b) at 573 K. 
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Figure 4.8: A [15O]O2 pulse was adsorbed on a platinum sponge kept under He flow followed 

by a removal of O-species with 14NH3 pulse: (a) PEP image, colour intensity represents the 

concentration of [15O]O2; (b) normalised concentration as function of time (T = 323 K, He 

flow of 48 cm3/min). 

 

To return to Fig. 4.6, at a temperature of 573 K the PEP image is substantially changed (Fig. 

4.6c). A reaction zone is still observed at the beginning of the catalyst bed, but in contrast to 

the observation at 423 K not all the products leave the catalyst bed directly. The formation of 

NO explains the changes in the PEP image, because NO readsorbs at the platinum surface 

throughout the catalyst bed. This is not the case for N2 and N2O, which have a very low heat 

of adsorption. Consistently, Fig. 4.6d shows a relatively slow decrease of the 13N 

concentration from the catalyst due to the NO readsorption. At this relatively high 
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temperature almost all injected ammonia reacts and forms gaseous products as shown in Fig. 

4.6d.  

In conclusion, the results indicate that the relatively high oxygen coverage on 

platinum promotes NO(a) formation. At low temperatures NO(a) leads to N2O via:   

NO(a) +   N(a)   N2O +   2*      

 

However, at temperatures higher than 573 K the NO surface coverage is low, due to 

desorption of NO, resulting in a lower N2O formation. The formation of nitrogen is assumed 

to proceed via atomic nitrogen originating from NHx species rather than via the dissociation 

of NO(a). The dissociation of NO(a) at low temperature (< 400 K) and also in the situation of a 

high adsorbate coverage is unfavourable [Lombardo et al., 1992a,b; Veser et al., 1992; 

Bradley et al., 1995].  

 

4.3.4 Temperature programmed experiments 

a) TPD 

In this experiment the temperature is raised from 373 to 573 K after injection of a [13N]NH3 

pulse on the catalyst at 373 K (Fig. 4.9). The observed background of the MS signals of the 

products are relatively high since the catalyst could not be sufficiently flushed with He before 

starting a TPD experiment due to a relatively fast 13N decay. The desorption of the inert N2 

and N2O molecules is qualitatively observed in the PEP images (Fig. 4.9c). The signal of the 

integrated 13N concentration decreases at the same time as N2 and N2O desorb. The 

desorption of N2 and N2O continues up to 480 K, because at that temperature the total 

radioactivity profile (Fig. 4.9c, from 800 s) shows no further decrease of the 13N 

concentration. N2 and N2O have low adsorption constants [Avery, 1983; Campbell et al., 

1997], meaning that were not present at first but are formed during the TPD experiment. The 

formation of N2O is again assigned to reaction: 

NO(a) +   N(a)   N2O +   2*      

 

Since radiolabelled ammonia was injected on the pre-oxidised surface the oxygen coverage is 

relatively high and therefore the dissociation of NO on platinum is unfavourable.  
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Figure 4.9: A [13N]NH3 pulse was adsorbed on the pre-oxidised platinum sponge kept under 

He flow (40 cm3/min) at 373 K followed after 170 s by a temperature programmed desorption 

experiment: (a) TPD spectrum; (b) PEP image, the colour intensity represents the 

concentration of 13NH3; (c) normalised concentration as function of time (T = 373 - 573 K, 10 

K/min, He flow of 40 cm3/min). 

 

This leads to the assumption that N(a) species originate from adsorbed NHx species. Another 

important feature that supports the presence of the NHx species on the surface is substantial 

formation of water, which is found to be accompanied by the N2 and N2O formation. NO(a) 

needed for the N2O formation originates from NHx species: 

NH(a) +   2OH(a)     NO(a) +   H2O(a) + H(a)    

 

At lower temperatures NO(a) does not dissociate and is preferentially converted into N2O.  

Above 480 K about 20 % of 13N is still adsorbed at the platinum surface (Fig. 4.9c, at 

800 s). In fact the 13N integrated concentration profile should change to a horizontal line, but 

the radioactivity profile slightly increases. This is caused by spreading of the radioactive 
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compound through the catalyst bed, while the total amount of labelled species in the reactor 

remains constant. When all these species are concentrated in the first part of the reactor and 

thus at the edge of the surrounding detector, the detection efficiency of the total amount of 

radioactive material is somewhat less then when it would be concentrated in the middle. This 

mainly affects the integrated profiles and not the PEP plots that show the radioactive 

concentration for each position as function of time. This profile of total radioactivity increase 

has to be taken into account only in the TPD or TPO experiments and especially when the 

still high concentration of the adsorbed 13N spreads from one position to subsequent 

positions. Still, the qualitative value of 20 % is correct, because this value is in accordance 

with the value found in the radioactivity profile of the first position in the catalyst bed, which 

is not affected by the above described artefact. After the temperature has reached 520 K the 

total radioactivity profile (Fig. 4.9c) decreases for the second time. The PEP image (Fig. 

4.9b) shows that the 13N concentration is slowly moving through the catalyst bed indicating 

that readsorption is taking place. The velocity of the 13N moving through the catalyst bed is 

not linear because the desorption is enhanced by the increasing temperature. Thus the 13N 

transport through the reactor is accelerated in time. At the moment that the activity reaches 

the end of the catalyst bed (T = 520 K) only NO is detected with MS. For that reason the 

desorption of 13N is assigned to 13NO. In ultra high vacuum experiments on single crystals the 

energy for NO desorption is found to be around 150 kJ/mol [Gorte and Gland, 1981; Burgess 

et al., 1989; Bradley et al., 1995] and NO desorbs at temperatures around 400 K. In our 

experiment, the PEP image shows that NO starts to desorb (moves to subsequent positions) 

around 440 K.  

 

b) TPO 

In this experiment a [13N]NH3 pulse was adsorbed on the pre-oxidised platinum sponge kept 

under He flow at 373 K, then the temperature is raised from 373 to 573 K in 1 vol. % O2/He 

flow of 40 cm3/min (Fig. 4.10). The results from TPO experiments are in qualitative 

agreement with those of TPD experiments. In the first minutes of the TPO experiment (up to 

423 K) 13N species desorb, which can be observed in Fig. 4.10c as the integrated 13N 

concentration slowly decreases. This 13N desorption is assigned mainly to nitrogen formation 

(Fig. 4.10a). The background signal of the measurement for nitrogen and water is high and 

therefore quantitative interpretation is not possible. Hardly any N2O is formed, which is in 

contrast with the TPD experiment. Figure 4.10c shows that the nitrogen desorption ends at 

400 s from the start of the experiment, which corresponds in Fig. 4.10a to a temperature of 
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420 K. At that temperature, 30 % of the injected 13N is still present at the surface. As 

mentioned before, the increase in radioactivity is due to a detector artefact. Figure 4.10a 

shows that in the presence of gas phase oxygen, NO is the major species desorbing at 540 K. 

The actual desorption temperature of NO is 440 K, since at this temperature the 13N 

concentration starts to move in the catalyst bed. In comparison with the TPD experiment NO 

desorbs at a similar temperature, which is not surprising because in both experiments 

platinum was precovered with oxygen. In correspondence with Fig. 4.9b, Fig. 4.10b shows 

that equilibrium of 13NO species is controlled by the readsorption on the platinum surface. As 

already mentioned the NO transport is accelerated with increasing temperature. In this TPO 

experiment all adsorbed 13N species are removed. 
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Figure 4.10: A [13N]NH3 pulse was adsorbed on the pre-oxidised platinum sponge kept under 

He flow (40 cm3/min) at 373 K followed after 100 s by a temperature programmed oxidation 

experiment: (a) TPO spectrum; (b) PEP image, the colour intensity represents the 

concentration of 13NH3; (c) normalised concentration as function of time (T = 373 - 573 K, 10 

K/min, 1 vol. % O2/He flow of 40 cm3/min). 
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The increase of the temperature up to 400 K activates the bond cleavage of NHx by 

atomic oxygen. Again, the formation of nitrogen is assumed to proceed via recombination of 

atomic nitrogen. At high oxygen surface coverage NO can be formed via: 

N(a) +   O(a)   NO(a) + *      

NH(a) +   2O(a)  NO(a) +   OH(a)  + *     

 

Although desorption of NO is favourable above 400 K, NO formation occurs already at lower 

temperatures [Mieher and Ho, 1995]. This can also be observed indirectly in our experiment. 

Nitrogen is largely desorbed at 420 K, however still some 13N species are retained at the 

surface. Obviously, above 420 K the NHx + O(a) reaction does not proceed, nitrogen is not 

produced, which suggests the absence of NHx species on the surface. On the other hand, the 

formation of NO explains the retained 13N species. NO is unreactive with respect to oxygen 

and it will remain adsorbed on platinum till the desorption enthalpy is overcome. 

 

4.3.5 Reaction of adsorbed N species with H2, NH3, and NO  

a) reaction with hydrogen 

A [13N]NH3 pulse was adsorbed on a pre-oxidised platinum sponge kept under He flow at 

348 K followed by a removal of the adsorbed species with hydrogen (Fig. 4.11). Figure 6a 

shows that the replacement of He by H2 results in N2O, N2 and H2O formation. It is clear 

from Fig. 4.11b and 4.11c that almost all adsorbed nitrogen species are removed from the 

platinum surface in the presence of H2. This means that the activation energies for the surface 

reactions to form N2O and N2 are relatively low, since already at 348 K all nitrogen species 

are removed. It is assumed that hydrogen first reacts with oxygen forming hydroxyl groups. 

OH groups do not only form water but they also react with the adsorbed NHx species (NH 

and NH2) to produce N2:  

NH2(a) +   OH(a)  NH(a)    +   H2O(a)     

NH(a) +   OH(a)  N(a)    +   H2O(a)     

2N(a)     N2    +   2*      

 

However, higher OH concentrations favour the formation of NO:  

NH(a) +   2OH(a)  NO(a) +   H2O(a)   +   H(a)    

 

NO cannot desorb at this low temperature. Instead it reacts with N(a) to form N2O. NO could 

also be an intermediate leading to N2 formation: 
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NHx(a) +   NO(a)  N2(a)   +   OHx(a)     

 

However, this reaction can only occur at relatively low oxygen surface coverage because the 

nitrogen/oxygen bond of NO needs to be broken. For that reason this route of the nitrogen 

formation can be activated after the initial desorption of N2O and H2O from the surface. 

Eventually, platinum is reduced and the oxygen surface coverage is lowered. 
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Figure 4.11: A [13N]NH3 pulse was adsorbed on a pre-oxidised platinum sponge kept under 

He flow (48 cm3/min) followed after 380 s by a removal of N-species with hydrogen: (a) MS 

spectrum, shown from the moment of H2 addition; (b) PEP image, the colour intensity 

represents the concentration of 13NH3; (c) normalised concentration as function of time (T = 

348 K, 10 vol. % H2/He flow of 48 cm3/min). 
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Let us consider an additional pulse of [13N]NH3 in hydrogen flow, after almost 

complete reduction of the Pt surface (shown in Fig. 4.12a). Almost no reaction takes place 

and the majority of the injected [13N]NH3 leaves the catalyst bed as radiolabelled ammonia. 

There is some formation of nitrogen and water, which would point to the presence of some 

residual oxygen present on the platinum sponge. Since oxygen favours the adsorption of 

ammonia on platinum, ammonia is stronger interacting with the surface. This results in a 

relatively longer retention time of ammonia in the catalyst bed. From the PEP image one 

notes that ammonia also reacts over the total length of the catalyst bed. Thus, also some 13N 

species stick on the platinum sponge. When we again pulse [13N]NH3 in H2 (Fig. 4.12b), the 
13N pulse smoothly leaves the catalyst bed, and at the reactor outlet only ammonia was 

detected with MS. As already stated, the dissociation of ammonia is not favourable on 

platinum in the absence of oxygen. The relatively high 13N activity measured across the bed 

points to an interaction of the labelled ammonia with the catalyst surface. Ammonia adsorbs 

on the platinum surface, the retention time of the [13N]NH3 (in hydrogen) pulse is similar to 

the retention time of a [13N]NH3 pulse in helium flow. Generally, one observes an order of 

magnitude lower radioactivity when no adsorption takes place.  
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Figure 4.12: Consecutive [13N]NH3 pulses were injected on a pre-oxidised platinum sponge 

kept under H2/He flow (a) PEP image of the first pulse; (b) PEP image of the second pulse. 

Colour intensity represents the concentration of 13NH3 (T = 373 K, 10 vol. % H2/He flow of 

40 cm3/min). 

 

b) reaction with ammonia 

In this experiment, a [13N]NH3 pulse was adsorbed on the pre-oxidised platinum sponge kept 

under He flow at 348 K, followed by a removal of the adsorbed species with ammonia (Fig. 
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4.13). Upon addition of ammonia to the He flow N2, N2O and H2O are observed at the reactor 

outlet (Fig. 4.13a).  
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Figure 4.13: A [13N]NH3 pulse was adsorbed on the pre-oxidised platinum sponge kept under 

He flow (48 cm3/min) followed after 350 s by a removal of N-species with ammonia: (a) MS 

spectrum, shown from the moment of NH3 addition; (b) PEP image, the colour intensity 

represents the concentration of 13NH3; (c) normalised concentration as function of time (T = 

348 K, 1.0 vol. % NH3/He flow of 48 cm3/min). 

 

Figure 4.13b,c show that all 13N species are instantaneously removed from the surface. 

Similar to the hydrogen experiment, OH groups are produced followed by the desorption of 

water. These hydroxyl groups also react with 13NHx species to form adsorbed NO and 

eventually dinitrogen. The amount of N2O formed is much lower than the amount of N2, 

although it agrees well with the amount formed in the hydrogen experiment. In contrast to 

nitrogen and water, N2O is only formed in the first seconds after the replacement of He by the 

ammonia flow. This suggests that in the beginning of the ammonia addition NO(a) is formed, 
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which is similar to the observations with the H2 flush experiment. Obviously, nitrogen and 

water are not only produced from the adsorbed 13N species, but mainly originate from gas 

phase ammonia. The addition of ammonia results in a high concentration of the nitrogen 

containing species on the platinum surface. The high concentration of ammonia favours 

selective N2 formation, which is also observed in UHV experiments [Gland and Korchak, 

1978; Bradley et al., 1995]. The production of N2 and H2O decreases in time because less 

oxygen is available for the reaction. This results in an oxygen-free surface, which is 

confirmed by measuring an additional PEP image after a [13N]NH3 pulse in this ammonia 

flow (not shown). This image was identical to Fig. 4.5a showing the equilibrium of ammonia 

on platinum.  

 

c) reaction with NO 

 The role of NO as an reaction intermediate is further investigated in an experiment, in which 

a [13N]NH3 pulse was adsorbed on the pre-oxidised platinum sponge kept under He flow at 

323 K, followed by a removal of the adsorbed species with nitric oxide (Fig. 4.14). Figures 

4.14b,c show that upon addition of an NO flow about 50 % of the 13N species are 

instantaneously removed from the platinum surface. This partial conversion has two possible 

explanations. First, due to inaccessibility or a high surface coverage, NO does not react with 

all of the adsorbed 13N species. This explanation is in contrast with the experiments with 

hydrogen and ammonia, where all 13N species were removed. Thus the effect of the high 

surface coverage most probably can be excluded even though NO preferably adsorbs on the 

same sites as oxygen (hollow sites), while ammonia adsorbs on the atop sites. The second 

explanation is that NO selectively reacts with one of the adsorbed 13N species. Only N2O is 

formed as a result of the NO flush (Fig. 4.14a). High oxygen surface coverage, together with 

high partial pressure of NO favours the formation of N2O above N2. Temperature 

programmed experiments, and ammonia and hydrogen flush experiments suggested that the 

adsorbed 13N species are 13NHx. It is plausible that NO selectively reacts with one of these 

species.  

NHx(a) +   NO(a)  N2O  +   xH(a)     

H(a) +   O(a)   OH(a)  +   *      
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Figure 4.14: A [13N]NH3 pulse was adsorbed on the pre-oxidised platinum sponge kept under 

He flow (48 cm3/min) followed after 750 s by a removal of N-species with nitric oxide: (a) 

MS spectrum, shown from the moment of NO addition; (b) PEP image, the colour intensity 

represents the concentration of 13NH3; (c) normalised concentration as function of time (T = 

323 K, 0.5 vol. % NO/He flow of 48 cm3/min). 

 

Injecting an additional pulse of [13N]NH3 in the NO flow, at the same reaction 

conditions, 40 minutes after the first pulse (Fig. 4.15) showed that on the platinum surface 

covered with O(a) and NO(a) the adsorption of ammonia is not prohibited. [13N]NH3 directly 

reacts at the beginning of the catalyst bed, but in contrast to the first pulse (Fig. 4.14), now 80 

% of the injected 13N is retained at the surface. The second difference is the formation of N2 

in addition to N2O. This [13N]NH3 pulse also leads to water formation and thus to reduction 

of platinum. Since the oxygen surface coverage is lowered, dinitrogen formation becomes 

more favourable, which was also observed in the hydrogen and ammonia reaction 

experiments. By increasing the temperature the remaining 13N species desorb from the 

surface as N2 and N2O (Fig. 4.15a). The desorption of nitrogen and nitrous oxide is again 
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accompanied by water formation/desorption, indicating that mainly the NHx species are 

present at the surface. Both desorption peaks cease, what actually means that NO at this 

temperature does not decompose at the surface, which is confirmed in another experiment, in 

which temperatures up to 623 K were needed to observe production of nitrogen and oxygen 

from NO. The 13N species are already removed from the surface at 573 K and thus 13NO does 

not remain at the surface. These NO flush experiments suggest that 13NO was not formed in 

large amounts at the surface and that the [13N]NH3 pulse in the 14NO flow at the pre-oxidised 

platinum surface leads to 13NHx. Thus the formation of N2O and N2 is due to the reaction of 

NHx(a) with 14NO(a), O(a) and OH(a). 
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Figure 4.15: A [13N]NH3 pulse was injected on the pre-oxidised platinum sponge kept under 

NO/He flow at 323 K. After 400 s temperature was increased with 15 K/min (a) MS 

spectrum; (b) PEP image, the colour intensity represents the concentration of 13NH3 (0.5 vol. 

% NO/He flow of 48 cm3/min). 

 

4.4 General discussion 

In agreement with the literature the PEP experiments indicated that oxygen dissociatively 

adsorbs on platinum:  

O2 +   2*   2O(a)        

 

Our PEP results clearly demonstrate that ammonia readily dissociates in the presence of co-

adsorbed oxygen. At low temperatures ammonia does not dissociate on the pure platinum 

sponge and the adsorption of ammonia is weak. Obviously, the presence of atomic oxygen 

decreases the activation barrier for the ammonia dissociation. Mechanistically, we envisage 
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that oxygen atoms readily abstract hydrogen from co-adsorbed ammonia. Our results also 

suggest that oxygen and ammonia occupy different adsorption sites. Schematically: 

 

Adsorption of NH3 on Ptreduced   weak molecular adsorption 

Adsorption of NH3 on Pt-O     strong dissociative adsorption 

 

The radiolabelled PEP experiments have shown that the pre-adsorbed oxygen favours 

the dissociation of ammonia, which leads to production of N2, N2O and NO. The product 

selectivity strongly depends on the temperature. It has been shown that below 423 K mainly 

nitrogen and nitrous oxide were formed and above this temperature also NO. The PEP 

experiments indicate that all ammonia reacts at the beginning of the catalyst bed and that 

[13N]NH3 is partly converted into gaseous products and partly remains adsorbed at the surface 

in some dissociated form. Temperature programmed experiments indicate that the remaining 

adsorbed species at the surface are mainly NHx species because the formation of nitrogen and 

nitrous oxide is accompanied by the production of a large amount of water. The NO reaction 

experiment provides further indications that NHx species (mainly NH and NH2) remain at the 

surface. Thus, upon adsorption of ammonia hydrogen atoms are stripped off by adsorbed 

oxygen species. These exothermic reactions, consecutively lead to the formation of atomic 

nitrogen and OH groups. Fahmi and van Santen [Fahmi and van Santen, 1996] showed that 

NH bond scissioning is energetically more costly than that of NH2 and that the recombination 

of atomic nitrogen is not the rate-determining step. Our experiments are performed at 

relatively low temperature. The relatively high-surface coverages also contribute to the 

blocking of certain surface reaction pathways on the surface. 

 As already mentioned a part of [13N]NH3 reacts towards N2, N2O and NO. A 

simplified model of the reaction mechanism includes formation of atomic nitrogen, which 

leads to nitrogen and nitrous oxide (below 423 K). OH groups form water and also promote 

the formation of NO(a) via the reaction with NHx. At high oxygen surface coverage and below 

350 K the formation of nitrogen from NO dissociation is not favourable [Bradley et al., 

1995]. Therefore, it is concluded that atomic nitrogen is formed from the abstraction of 

hydrogen from the NHx species. The formed NO also cannot desorb at these low 

temperatures and therefore at these conditions N2O is selectively formed. A known route for 

the formation of N2O is the reaction between N(a) with NO(a). The reaction experiment with 

NO also indicated another possibility, in which NO selectively reacts with NH(a) to form 

N2O, even at 323 K. The formation of nitrogen becomes more favourable at lower oxygen 
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surface coverage, which is shown in the hydrogen and ammonia reaction experiments. Above 

440 K the TPD and TPO experiments nicely indicate that NO desorbs from a pre-oxidised 

platinum surface. Since at higher temperatures NO desorption is possible, the selectivity 

towards N2O decreases in favour of the NO production, as shown in Fig. 4.7b. An interesting 

feature of the NO desorption from platinum is the readsorption, which was distinctively 

observed in the PEP images. 

  

4.5 Conclusions 

The experiments have shown that dissociation of ammonia on platinum is not favourable and 

that the interaction of ammonia with platinum is weak at 323 K. This study, performed at 

atmospheric pressure conditions, confirms UHV and theoretical studies proving that 

ammonia dissociation on platinum is activated by the presence of oxygen at the surface. The 

experiments elegantly show that a platinum surface pre-covered with oxygen initiates the 

ammonia dissociation leading to the gaseous nitrogen-containing products. Ammonia 

dissociation on a pre-oxidised platinum surface was further investigated as a function of 

temperature. At temperatures below 423 K the pulse experiments resulted in the formation of 

mainly nitrogen and a small amount of N2O. Above 423 K the product selectivity is changed 

and also NO is formed. It was observed with PEP that ammonia reacts at the beginning of the 

catalyst bed and that a part of [13N]NH3 remained at the surface as 13N species. The TPD and 

TPO experiments together with the reaction with hydrogen, ammonia and nitric oxide 

experiments indicated that mainly NH and NH2 species are present at the surface. However, 

NO is an important reaction intermediate. In oxygen-rich environment the NO formation 

leads to N2O and with temperatures above 423 K gaseous NO is detected. The NO flush 

experiments indicated that NO selectively reacts with the NH species to form N2O. Nitrogen 

is preferably formed at the lower oxygen surface coverage. 
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Abstract 

The low temperature deactivation of a platinum sponge catalyst used for ammonia oxidation 

was studied using the positron emission profiling technique (PEP). Evidence that irreversibly 

adsorbed nitrogen species deactivate the catalyst is presented. Two reactivity regimes are 

distinguished. Initial fast N2 production at low surface coverage and a relatively slow N2 and 

N2O production at the steady state when the surface is fully covered. The fast deactivation of 

the platinum sponge is mainly caused by adsorbed nitrogen species. The formation of PtO is 

relatively slow compared to surface nitride. The fast initial deactivation of platinum sponge 

by nitrogen and oxygen species is greatly retarded above a temperature of 388 K. 

Temperature programmed reaction together with temperature programmed desorption 

experiments show reactivation of the catalyst above this temperature.  
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5.1 Introduction 

The study of low temperature ammonia oxidation to nitrogen and water has become of 

increasing interest due to the need to clean agricultural and industrial waste streams. The 

need for purification of ammonia slip streams from industrial processes, like the SCR [Heck, 

1999] and soda process was an impulse to start efforts to convert ammonia into harmless 

products. Platinum based catalysts are promising in the conversion of gaseous ammonia to 

harmless N2 and H2O at relatively low temperatures. They have a high activity and selectivity 

for N2 formation [Il’chenko,1976; Van den Broek et al., 1999; Gang et al., 2000]. However, 

the most important drawback of platinum based catalysts is their fast deactivation.  

Gas phase ammonia oxidation over platinum catalysts at low temperatures has been 

extensively studied before. Experiments done at ultra low pressure on platinum crystals with 

different techniques, like SIMS, AES, LEED, EELS, TPD and TPR, showed the formation of 

NO, N2 and H2O [Fogel et al., 1964; Gland and Korchak, 1978; Mieher et al., 1995; Bradley 

et al. 1995]. The selectivity towards nitrogen products depends mainly on the temperature 

and ammonia/oxygen ratio. NO(a) plays a key role in the product formation. However, as 

Bradley et al. stated [Bradley et al., 1995], at temperatures below 400 K a route for the N2 

formation, which does not involve an NO(a) intermediate is opened. Other reported species 

present on the surface are NH(a), O(a) and OH(a). The reaction pathways change greatly with 

the pressure. At atmospheric pressure and low temperature the main products are N2 and H2O 

with N2O as a by-product. From approximately 573 K NO starts to be formed [Il’chenko, 

1976]. IR experiments done by Matyshak suggested that the platinum surface is mainly 

covered with nitrogen species [Matyshak et al., 1987]. TPD, TPR and XPS studies showed 

that after steady state condition was reached NH and OH species were the main intermediates 

present at the catalyst’s surface [Van den Broek et al., 1999]. At atmospheric pressure, the 

role of NO(a) is only attributed to the production of the by-product, N2O. The mechanism of 

fast initial deactivation of the platinum catalysts has not been studied extensively. In the 70’s 

Ostermaier proposed that the initial deactivation of platinum supported on alumina is caused 

mainly by PtO formation [Ostermaier et al., 1973, 1976].  

In this chapter new insights into the ammonia oxidation mechanism are presented, this 

study is also focused on the deactivation of platinum. First, the conversion and product 

formation in the ammonia oxidation over the platinum sponge catalyst is presented as a 

function of temperature. Here, we will demonstrate with PEP experiments that below 413 K 

the catalyst deactivates, due to poisoning of the catalyst surface mainly by nitrogen species. 

In addition, the nature of the deactivating species is further investigated with X-ray 
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photoelectron spectroscopy (XPS), temperature programmed desorption (TPD, oxidation 

(TPO). Experiments with NO and N2O pulses, and with pre-oxidised platinum sponge 

provide complementary information on the mechanism of the ammonia oxidation. Finally, we 

discuss a reaction mechanism of the ammonia oxidation over platinum at low temperatures. 

 

5.2 Experimental 

5.2.1 Catalytic reactor 

The platinum sponge was acquired from Johnson Matthey. The sponge sample was of > 99.9 

% purity. The particle size of the sponge was between 250 and 350 µm and the size of the 

small non porous particles about 1.0 - 5.0 µm (Fig. 4.1). The amount of platinum sites 

calculated via BET measurement is 3.0·1018 sites/g and via the hydrogen chemisorption is 

1.3·1018 sites/g. The metal surface area is determined with BET to be 0.099 m2/g. Catalytic 

tests were performed in a fixed-bed reactor setup equipped with a quadrupole mass 

spectrometer (Balzers Instruments Omnistar GSD 3000), which was calibrated for on-line 

analysis of reactants and products. A quartz tube with an internal diameter of 4 mm was used 

as the reactor. For the experiments a sample of 1.8 g of pure platinum sponge was used in a 

catalytic bed with a length of 4.0 cm. The experiments were done at temperatures between 

323 K and 673 K.  

Before each experiment the platinum sponge was in situ reduced by heating the 

sample in a 10 vol. % H2/He flow from 298 K to 673 K. Subsequently the sample was kept at 

this temperature for 2 hours. Then the catalyst was flushed with He for 20 min. before the 

reaction temperature was set.  

A pre-oxidised platinum sponge is obtained in the following way: the reduced catalyst 

was pre-treated with a 1 vol. % O2/He flow for one hour at 373 K. Then the catalyst was 

flushed with He for 1 hour before the reaction temperature was set. Oxygen adsorbs 

dissociatively at this temperature (chapter 4.3.1), which is in line with earlier reports [Norton, 

1975; Wagner and Brümmer, 1978; Gland, 1980; He et al., 1999; Luerβen et al., 2000].   

 

5.2.2 Steady state experiments 

A reaction mixture was used consisting of 2.0 vol. % of ammonia and 1.5 vol. % of oxygen in 

helium with a total flow of 48 cm3/min. Conversion rates were calculated from the measured 

concentrations: (Cin-Cout)/Cin. The steady state experiments were performed in the temperature 

range of 413 - 573 K. 
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5.2.3 PEP pulse experiments 

The production method of gaseous pulses of [13N]NH3 is described in chapter 2. To produce 

labelled oxygen (15O16O written as [15O]O2) the 14N(d,n)15O production method is used, 

which is described in chapter 3. The reduced platinum catalyst was kept under a flow (48 

cm3/min) of helium at 273 - 573 K (GHSV = 5600 hr-1). Subsequently, a pulse of [13N]NH3 

or [15O]O2 was injected in this reaction flow. The radiolabelled pulse experiments were in a 

similar manner performed over the platinum and pre-oxidised platinum sponge.  

A typical PEP image is a 2D representation of the measured total activity as function 

of time and position (Fig. 5.4). The retention time (y-axis) is plotted at various positions 

within the reactor (x-axis). The total activity at that time and position is indicated by the grey-

scale. The increasing colour intensity indicates the increasing activity (concentration). To 

illustrate this, Fig. 5.4a shows that a radiolabelled pulse is adsorbed at the beginning of the 

catalyst bed, which is at 1.5 cm. Figure 5.4b shows the progress of a radiolabelled pulse 

through the catalyst bed with respect to time.  

 

5.2.4 XPS  

XPS data are obtained with a VG Escalab 200 spectrometer, equipped with an Al Kα source 

and a hemispherical analyser connected to a five-channed detector. Measurements are done at 

20 eV pass energy. XP spectra were taken of freshly reduced platinum, a sample that was 

used in the ammonia oxidation experiment for 2 hours and a sample that was used in the 

ammonia oxidation experiment for 20 seconds. All samples were transported in oxygen free 

environment to the XP spectrometer. It was not possible to get a clear O 1s signal for oxygen 

on platinum due to the interference with the oxygen signal of used indium foil.  

 

5.2.5 Temperature programmed experiments 

Temperature programmed experiments were performed after the catalyst was deactivated at 

323 K. First the catalyst was flushed with He for 1 hour. Next, the temperature was raised 

with 10 K/min (20 cm3/min) under He (TPD) or 1.0 vol. % O2/He (TPO) flow or 0.5 vol. % 

NO/He (TP-NO) flow. 
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5.3 Results and discussion 

5.3.1 Ammonia oxidation at 323 - 473 K  

Figure 5.1 shows the concentration of the formed products (N2 and N2O and H2O) in 

ammonia oxidation at 323 and 373 K. The formation of NO was not observed. The detection 

of the water signal by the mass spectrometer is delayed due to readsorption of water on 

platinum and in setup tubes. Figures 5.1a,b show two regions, in which the selectivity 

changes with time. The start of the ammonia oxidation shows a selective formation of 

nitrogen and water. The second region in the N-product selectivity begins when N2O evolves. 

In Fig. 1a this is after 40 seconds, subsequently N2 production decreases and N2O selectivity 

sharply increases to 16 % and decreases in time to 7 %. At 373 K the catalyst is longer highly 

active and the N2O formation is observed after about 10 minutes. Concentration profiles for 

N2 and N2O are similar in the temperature range between 323 - 473 K. Thus, only N2 is 

formed in the beginning of the reaction. At higher temperature the duration of N2 formation at 

a high stable conversion level is greatly extended. As the catalyst becomes covered with the 

reaction intermediates, N2O evolves and the concentration of N2 strongly decreases. Table 5.1 

presents the initial deactivation time, i.e. the time till the N2 concentration sharply decreases, 

in the temperature range 323 - 473 K. The platinum catalyst possesses a similar high initial 

activity level at all these temperatures. The initial deactivation time strongly depends on 

temperature, from 0.6 minutes at 323 K till 13 minutes at 373 K. At higher temperatures, 

however, the deactivation of the catalyst is further retarded. At 398 K the catalyst is 

deactivated after 16.5 hours and at 423 K not even after 24 hours time on-stream. 
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Figure 5.1: Concentration of N2 and N2O  versus time for ammonia oxidation reaction at: (a) 

323 K, (b) 373 K (GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). 
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Figure 5.2: Ammonia oxidation at 373 K till the catalyst is deactivated followed by a 

temperature programmed reaction. TP-reaction part is only shown (10 K/min, GHSV = 5000 

hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). 

 

Table 5.1: Initial deactivation times for the platinum sponge catalyst. 

Temperature Initial deactivation time 

323 K 0.6 min 

348 K 2.1 min 

373 K 13 min 

388 K 20 min 

423 K > 20 h 

 

To investigate more closely the influence of temperature on the initial deactivation a 

temperature programmed reaction experiment is performed (Fig. 5.2). After the catalyst is 

deactivated at 323 K, the activity of the catalyst increases at approximately 383 K. The N2O 

formation shows an interesting development. First the concentration of N2O increases 

together with N2 till 413 K and then decreases very fast to a very low concentration. The 

reactivation of the catalyst is precisely reverse to the deactivation behaviour of the catalyst.  

Above 413 K production of N2 is favoured above N2O. Finally, the catalytic activity of the 

platinum sponge catalyst is restored to its initial value and with similar high selectivity for 

N2. Thus, the stable activity of the platinum catalyst above 413 K for a relatively long time 

suggests that adsorbed species, which deactivate the catalyst at lower temperatures are not 

present at the surface.   
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With respect to initial deactivation of the platinum sponge the conversion of ammonia 

and oxygen shows an interesting feature. Figure 5.3 presents the conversion of both reactants 

as a function of time at 323 and 373 K. Clearly, as the catalyst is very active in the beginning 

of the reaction (region 1) both conversions are about 100 %. However, as the initial activity 

of the catalyst rapidly drops, the N2 concentration decreases (Fig. 5.1), the conversion of 

oxygen does not decrease as fast as that of ammonia. In time the conversions of ammonia and 

oxygen reach the same low conversion level. From literature it is known that oxygen and 

ammonia preferentially adsorb on platinum at different sites. Oxygen molecules occupy 

hollow sites [Bogicevic et al., 1998; Feibelman, 1997; Lynch and Hu, 2000; Šlijvančanin and 

Hammer, 2002] whereas ammonia molecules occupy on-top sites [Fahmi and van Santen, 

1996; Illas et al., 1999]. NH and NH2 adsorbates (2-fold); H, O and N atoms (3-fold) [Fahmi 

and van Santen, 1996]. NO preferentially adsorbs at the fcc hollow site at low coverages, at 

higher coverages NO additionally adsorbs on the atop site in a tilted geometry [Matsumo et 

al., 2002; Aizawa et al., 2002]. Thus, the adsorption of oxygen on platinum should not be 

completely blocked by ammonia or other surface species. The additional production of water 

can not explain this conversion of oxygen, because during the deposition of oxygen the water 

production is already decreased. We speculate that the formation of subsurface oxygen might 

be the cause of the slower decrease of the conversion of oxygen or that oxygen adsorbs on the 

platinum surface without subsequent formation of N2O and N2. 
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Figure 5.3: Conversion of NH3 and O2 versus time for the ammonia oxidation reaction at:  

(a) 323 K, (b) 373 K (GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). 
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5.3.2 Positron Emission Profiling  
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Figure 5.4: PEP image of [13N]NH3 and [15O]O2 pulse injection into the reaction stream of 

NH3/O2/He in the first 2 s of the ammonia oxidation: (a) [13N]NH3 PEP image, (b) [15O]O2 

PEP image, (T = 323 K, GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). Colour 

intensity represents the concentration of [13N]NH3 or [15O]O2 (dark = high concentration). 

 

The injection of [13N]NH3 in the reactant flow at the very beginning of the reaction 

shows in Fig. 5.4a that 13N-labelled species are formed and adsorbed in front of the catalyst 

bed (catalyst bed starts at position 1.5 cm). A part of 13N-activity went through the total 

catalyst bed, observed as a thin line of activity during the 10 seconds of injection time also at 

the last positions of the catalyst bed. Since ammonia is initially converted to N2, the measured 

activity is gaseous [13N]N2 (Fig. 5.1a). Figure 5.4a shows that part of the radiolabelled 

nitrogen species desorb much slower from the catalyst surface, as the intensity decrease 

indicates. A substantial part of the labelled nitrogen species remains adsorbed at the catalyst 

surface and does not move through the catalyst bed during the measurement time of 30 

minutes. Figure 5.4b shows that labelled oxygen pulse does not remain, in contrast to Fig. 

5.4a, at the catalyst surface. The initial deposition of the O-species at the surface is 

negligible. Oxygen is mainly converted into the gaseous products (water), as conversion of 

oxygen is very high at that moment. The retention time of water is short, which means that 

the readsorption of water is fast. This means that water does not compete with ammonia for 

adsorption sites and thus water does not poison the catalyst surface. This is in line with the 

results of Van de Broek [Van de Broek, 1998], which showed that the addition of water to the 

reaction flow does not influence the performance of the catalyst.  
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Figure 5.5 shows the total radioactivity of the nitrogen and oxygen containing species 

adsorbed at the catalyst surface at 323 K. The oxygen containing species do not stay adsorbed 

at the catalyst, in contrast to the nitrogen species. The 13N-profile shows a very fast decrease 

of the radioactivity in the first 20 seconds, which is assigned to N2 formation. A relatively 

slow decrease of the 13N-profile is observed during the 20 to 400 seconds that reaction is on-

stream. Figure 5.5 clearly shows the injection moment of 13NH3 and that after 400 seconds 

on-stream, a stable amount of 13N-activity is left.  

 

 

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 1

time [min]

in
te

ns
ity

 [-
]

[13N]NH3

[15O]O2

0

 

 

 

 

 

 

 

 

Figure 5.5: Normalised sum of radioactivity versus time for [13N]NH3 and [15O]O2 pulse  

injection into the reaction stream of NH3/O2/He in the first 2 s of the ammonia oxidation 

 (T = 323 K, GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). 

 

To calculate the exact amount of irreversibly adsorbed N and O species the sum of 

radioactivity at 5 positions is used. Table 5.2 shows the amount of the irreversibly adsorbed 

radiolabelled nitrogen and oxygen species at 323 - 423 K. With increasing temperatures less 

nitrogen is deposited on the platinum catalyst and the amount of oxygen deposition is rather 

stable up to 373 K. The PEP images do not differ to much up to 373 K. As already shown in 

Fig. 5.2 the catalyst is very active above 413 K and all ammonia and oxygen are converted to 

nitrogen and water. A PEP experiment at 423 K confirmed this as shown in Fig. 5.6. The PEP 

image at 423 K (Fig. 5.6) significantly differs from PEP image at 323 K (Fig. 5.4). Sum of 

total radioactivity versus time (not shown) shows that at 423 K no irreversibly adsorbed 

nitrogen or oxygen species are present at the catalyst surface. Radiolabelled ammonia is 

almost immediately converted to nitrogen in the first part of the catalyst bed.  
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Table 5.2: Percentage of the labelled species remaining at the catalyst after radiolabelled  

pulse was injected in reaction flow in the beginning of the ammonia oxidation. 

Temperature 

[K] 

13N remained adsorbed 

[%] 

15O remained adsorbed 

[%] 

323 27 ± 3 3 ± 1 

348 16 ± 2 2 ± 1 

373 17 ± 2 4 ± 1 

423 < 1 < 1 
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Figure 5.6: PEP image of [13N]NH3 and [15O]O2 pulse injection into the reaction stream of 

NH3/O2/He in the first 2 s of the ammonia oxidation at 423 K. (a) [13N]NH3 PEP image;( b) 

[15O]O2 PEP (GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). Colour intensity 

represents the concentration of [13N]NH3 and [15O]O2 (dark = high concentration). 

 

As already stated discussing Fig. 5.4a, the ammonia oxidation reaction proceeds at the 

first positions of the catalyst bed. These positions are mainly deactivated with nitrogen 

species. The high activity of the catalyst is maintained due to the movement of the reaction 

front to the next positions in the catalyst bed. This is observed for example at 323 K when 

[13N]NH3 is injected at the moment that the reaction was already 20 seconds on-stream (not 

shown). Thus, in time this deactivation front moves to the end of the catalyst bed, the catalyst 

is covered with reaction species and the deactivation of the catalyst is observed. An 

experiment with a half amount of the catalyst also supports this reaction front movement. 

This experiment showed in the same way the formation and concentration of the products, 

however the catalyst remained active for a half time of the normally applied catalyst. Thus, 
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below 413 K the catalyst remains initially active because the reaction zone moves to the 

subsequent bed positions, after the previous positions became fully covered with the adsorbed 

reaction species.  

Injection of a [13N]NH3 pulse after the initial deactivation of the catalyst confirmed 

that the platinum surface is fully covered and that conversion of ammonia is low (Fig. 5.3). 

Certainly, no significant number of the nitrogen species remains adsorbed at the catalyst 

surface. Labelled ammonia can only be observed during the 10 seconds of the [13N]NH3 

injection (Fig. 5.7a), which means that ammonia interacts weakly with the platinum surface. 

A similar behaviour was seen after 2 hours on-stream. Figure 5.7b shows the injection of 

[15O]O2 after the catalyst was deactivated, but at the moment that the oxygen conversion was 

much higher than that of ammonia. It is concluded that also no oxygen remained adsorbed at 

the catalyst surface. This result contrasts Fig. 5.3, as we expected to observe a significant 

deposition of [15O]O2 on the surface. We cannot explain this obvious difference, especially 

because both measurements are reliable and reproducible.  
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Figure 5.7: PEP images of (a) [13N]NH3 and (b) [15O]O2 pulse injection into the reaction 

stream of NH3/O2/He after the initial deactivation of the catalyst (T = 323 K, GHSV = 5600 

hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). Colour intensity represents the concentration of 

[13N]NH3 and [15O]O2 (dark = high concentration). 

 

5.3.3 Characterisation of the adsorbed nitrogen/oxygen species 

a) X-ray photoelectron spectroscopy (XPS)  

X-ray photoelectron spectroscopy was used to measure the N(1s) intensity as a function of 

reaction time of the ammonia oxidation. One sample was taken after the reaction was 20 

seconds on-stream, at that time the catalyst started to deactivate showing N2 and N2O as the 
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products at still relatively high conversion. The formation of N2 and N2O indicates that 

already at that time the surface coverage is already relatively high. The second sample was 

taken after the reaction was 2 hours on-stream, the catalyst is totally deactivated showing N2 

and N2O as the products at very low conversion. Figure 5.8a shows the XP-spectra of these 

samples and a clean background for N(1s) for a reduced platinum sponge. This result shows 

similar features to earlier XPS experiments on deactivated platinum sponge performed by van 

den Broek [Van den Broek et al., 1999]. 

 At the beginning of the N2 and N2O formation a broad asymmetric peak is observed, 

which is centred around 398 eV. Intensity of the N(1s) signal of the deactivated catalyst is 

higher. The relative number of N(1s) species per platinum area, normalised to indium, is 

about 35 % lower in the initial state of the oxidation than after the total deactivation of the 

catalyst. The shape of the peak at a binding energy of 398 eV does not change significantly 

for both experiments as presented in Fig. 5.8b,c. For the N(1s) spectrum at low coverage a 

symmetric peak was found at a binding energy of 398.0 eV with a small shoulder around 

399.4 eV. With higher coverage the symmetric was observed at 397.7 eV and the shoulder at 

399.5 eV. 

In this experiment the ammonia oxidation reaction was stopped and the reactor 

flushed with He. Therefore the gaseous products of the ammonia oxidation are expected to be 

desorbed from the catalyst surface and should not be present in the XP spectra. From the 

literature it is known that molecularly adsorbed NO at 95K on Pt(112) shows a single N(1s) 

peak at 400.5 eV [Sugai et al., 1993; Sugisawa et al., 2001]. Therefore, it is concluded that 

the main peak does not originate from NO molecules. Molecularly adsorbed ammonia on 

Pt(111) gave rise at low coverage to a XP peak centred at 404 eV and at high coverage to a 

peak centred at 399.8 eV [Szulczewski and Lewis, 1995]. The similar adsorption experiments 

on Pt(111) done by Sun confirm the position of the ammonia peak at 399.9 eV for a 

monolayer and 399.3 eV for a bilayer [Sun et al., 1996]. Therefore, ammonia is probably not 

present at the surface. N2 does not adsorb on Pt(111) below 40 K, only physisorbed nitrogen 

is observed at  403.8 eV [Zehr et al., 2000]. For adsorbed N2O molecules at Pt(111) at 50 K 

two XP peaks are present at binding energies of 401 and 405 eV [Kiss et al., 1991]. These BE 

peaks representing N2 and N2O were not observed in our XP spectra. The results obtained 

here indicate that the gaseous ammonia oxidation products, N2 and N2O are not present at the 

catalyst surface. 
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Figure 5.8: XP N(1s) spectra of  a platinum sponge catalyst: (a) fresh; after 20 seconds 

ammonia oxidation on-stream (Pt sponge at initial state); and after 2 hours on stream (Pt 

sponge at steady state); (b) enlargement of N(1s) spectrum of Pt sponge at initial state (c) 

enlargement of N(1s) spectrum of Pt sponge at steady state. 

 

As already mentioned the adsorbed N-species are NHx=0,1,2 species. However, the 

assignment of the two observed peaks in Fig. 5.8 to NHx=1,2 or N species based on literature is 

contradictory. Electron bombardment of adsorbed ammonia showed the appearance of a 

N(1s) peak at 398.5 eV which was assigned to NHx=1,2 species [Szulczewski and Lewis, 

1995]. The dissociation of a bilayer of ammonia resulted in the appearance of a XP peak at 

397.5 eV, which was attributed to NHx=1,2 [Sun et al., 1996]. Sun et al. used XPS in 

combination with high resolution electron energy loss spectroscopy (HREELS). Dissociation 

experiments of NO on Pt(311) and Pt(100) showed an asymmetric peak around 401 eV with a 

shoulder at 399.5 eV. These peaks were assigned to molecular NO and atomic N, respectively 
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[Sugai et al., 1993]. The assignment of the XP peak at 399.5 eV as N(ads) is in contrast with 

experiments done by Amorelli, which also used low energy electron diffraction (LEED) and 

electron energy loss spectroscopy (EELS) [Amorelli et al., 1994]. During the ammonia 

oxidation with a feed rich in oxygen, at ultra low pressure, they created a N(2x2) overlayer 

with a characteristic BE peak at 397.6 eV which was assigned to N(a). 

In agreement with Sun [Sun et al., 1996], the peak at lower binding energy of 398.0 

eV is assigned to NH and the peak at higher binding energy to NH2 species. NO(a) was not 

observed in the XP spectrum and other gaseous reaction products. This indicates that NO(a) is 

a very reactive intermediate, only present at low quantities at the catalyst surface. 

 

b) Temperature programmed desorption (TPD) 
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Figure 5.9: Formation of N2, N2O, and H2O measured by online mass spectrometry in a 

temperature programmed desorption experiment after the ammonia oxidation experiment at 

323 K (10 K/min, He flow of 40 cm3/min). 

 

In the TPD spectrum three products are observed: N2, N2O and H2O. Figure 5.9 shows that 

firstly N2O is desorbed, already at 388 K. N2 and N2O are not molecularly bound on the 

surface before the TPD experiment was started because it is thermodynamically favourable 

for N2 and N2O to desorb from platinum [Avery, 1983; Campbell et al., 1997]. Thus, the 

desorption of N2O indicates that the reaction of NO(a) with N(a) took place. The amount of 

produced N2O is relatively low, which explains the XPS results that showed no NO on the 

platinum surface. At 398 K first the nitrogen desorption peak evolves. It should be noted that 

this N2 peak was not observed in the earlier experiments done by Van den Broek et al. [Van 

den Broek et al., 1999] on the same platinum sponge. These TPD experiments were 
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performed after the ammonia oxidation took place at 373 K and the catalyst was flushed with 

helium for 2 hours at the same temperature. This relatively high temperature for helium 

flushing and a use of half of the amount of the catalyst explains the slow and undetectable 

desorption of N2O and N2 from the platinum surface. Further, Fig. 5.9 shows that the peak of 

N2 has two shoulders with peak maxima at 433 K and at 483 K. Again, water desorption is 

concomitant with nitrogen desorption. The mass spectrometer signal of water is somewhat 

delayed due to longer residence time of water on platinum caused by the readsorption of 

water. This simultaneous desorption of nitrogen and water indicates that the surface reactions 

of both oxygen and nitrogen containing species occur. The presence of atomic nitrogen on the 

surface is not probable, because recombination of atomic nitrogen leads directly to N2 

without water formation. Absence of atomic nitrogen on the surface is also in agreement with 

the conclusions from the XPS measurements. At the relatively high surface coverage there is 

not much O(a) left on the surface. Two possible reactions can be proposed for N2 formation 

from NH and NH2. The reaction of NH with OH to form water is a one step reaction and is 

therefore favoured instead of a two step reaction of NH2 (via NH) with OH. This is also in 

line with literature [Fahmi and van Santen, 1996], because the reaction energy of NH2 with 

OH (-26 kcal/mol) is larger than that of NH with OH (-11 kcal/mol). 

NH(a) +   OH(a)  N(a)    +   H2O(a) 

2N(a)    N2 +   2* 

 

At higher temperatures NH2 reacts to form N2:  

NH2(a) +   OH(a)  NH(a)    +   H2O(a) 

NH(a) +   OH(a)  N(a)    +   H2O(a) 

2N(a)    N2 +   2* 

 

The third nitrogen peak with a maximum at 483 K is most probably formed via an NO(a) 

intermediate. A relatively high surface coverage promotes the NO formation, but desorption 

of NO is slow at these relatively low temperatures [Gorte and Gland, 1981; Burgess Jr. et al., 

1989; Bradley et al., 1995].  

 

c) Temperature Programmed Oxidation (TPO) 

The most important result from a TPO experiment is evolution of one N2 peak, together with 

one H2O peak and additional NO evolution at higher temperature. The TPO spectrum (Fig. 

5.10) shows similarities with the TPD spectrum, especially in the lower temperature region. 
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Figure 5.10: Formation of N2, N2O, and H2O measured by online mass spectrometry in a 

temperature programmed oxidation experiment after the ammonia oxidation experiment at 

323 K (10 K/min, 1.0 vol. % O2/He flow of 40 cm3/min). 

 

Firstly, nitrogen is formed at 383 K followed by the water production with a peak maximum 

at 403 K. It is clearly observed that N2O production is much higher than in the TPD 

experiment. Increased N2 production can be explained by the reaction of NH with OH, which 

gives nitrogen and water like in the TPD experiment.  Firstly, atomic nitrogen is produced.  

NH(a) +   OH(a)  N(a)    +   H2O(a) 

 

O2(g) will adsorb and dissociate on every vacant site which becomes available. This will lead 

to a production of NO(a):  

NH(a) +   2O(a)  NO(a) +   OH(a)  + * 

N(a) +   O(a)   NO(a) +   * 

 

Thus, at the surface there will be a competition between reactions towards N2 or N2O.  

2N(a)    N2 +   2* 

NO(a) +   N(a)   N2O +   2* 

NO(a) +   NH(a)  N2  +   OH(a)    +    * 

NO(a) +   NH(a)  N2O +   H(a)       +    * 

 

The TPO spectrum shows that the maximum of the N2 peak appears at lower temperature 

than the maximum of the N2O peak. It indicates that the production of N2O is dependent on 
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the formation of NO(a) from NH(a) species or on the availability of free sites for oxygen 

adsorption and dissociation. 

At higher temperature, one additional peak evolves with a maximum at 493 K, which 

is assigned to NO. This suggests that at a certain moment the platinum surface is only 

covered with the NO(a) species originating from NHx species. Apparently, oxygen strongly 

promotes the NO formation and blocks the N2 and N2O production. In excess of oxygen at 

the surface NO(a) does not dissociate at this temperature. This is in contrast to the TPD 

experiment, which showed that at the same temperature N2 and N2O were formed. 

Furthermore, oxygen promotes the desorption of NO from the surface, which was not 

observed in the TPD experiment.  

 

d) Temperature Programmed Reaction with NO (TP-NO) 
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Figure 5.11: Formation of N2, N2O, and H2O measured by online mass spectrometry in 

temperature programmed NO experiment after ammonia oxidation experiment at 323 K (10 

K/min, 0.5 vol. % NO/He flow of 40 cm3/min). 

 

Figure 5.11 (TP-NO spectrum) shows similarities with the TPO and TPD spectrum, 

especially in the lower temperature region. Firstly, nitrogen is formed at 398 K followed by 

the water production with a peak maximum at 413 K. The N2O production is much higher 

than in the TPD and TPO experiments. The maximum of the N2O peak appears at 413 K, 

higher temperature than the maximum of N2 peak. This is already observed in the TPO 

spectrum. This indicates that the production of N2O is dependent on the formation of N(a) 

from NH(a) species and on the availability of free sites for NO adsorption. Increased N2O 

95 



Chapter 5: Low temperature ammonia oxidation on Pt sponge 

production can be explained by the reaction of NH with OH, which gives nitrogen and water 

in TPD experiment. Firstly, atomic nitrogen is produced:  

NH(a) +   OH(a)  N(a)    +   H2O(a) 

 

N2 starts to desorb and some vacant sites are created. NO(g) will adsorb on the available sites 

which leads to a production of N2O:  

N(a) +   NO(a)  N2O(g) +   2* 

 

Thus, as already stated there is a competition between reactions towards N2 or N2O. The 

excess of NO(a) leads to a higher production of N2O. The production of N2O and N2 reaches a 

certain maximum, at 473 K both gases are not longer produced. This indicates that the NO 

dissociation does not take place, because no N2O or N2 are formed. At 573 K some N2O(g) 

and N2(g) are formed again, which probably originate from the NH2 species. The dissociation 

of the NO(g) starts above 623 K (not shown). 

  

5.3.4 Experiments on pre-oxidised platinum 

Before ammonia oxidation was started, the platinum sponge catalyst was first pre-oxidised as 

it is described in the experimental part. Figure 5.12 shows conversion and selectivity of the 

pre-oxidised catalyst at 373 K. Clearly, this Figure shows the same selectivity characteristics 

of the platinum sponge catalyst (Fig. 5.1). Thus, the high oxygen surface coverage does not 

favour initial nitrous oxide formation. The conversion of ammonia and oxygen proceeds now 

at the same level, as expected no additional oxygen deposition is measured (in contrast with 

Fig. 5.3). The main difference with the platinum sponge is the faster deactivation of the pre-

oxidised catalyst at temperatures below 413 K (Table 5.3). However, above 413 K also the 

pre-oxidised catalyst keeps a high activity and selectivity towards nitrogen. Thus, the 

presence of oxygen at the platinum surface does not cause a permanent deactivation of the 

catalyst. Above 413 K the catalyst is reduced by ammonia. 

The deactivating effect of unreacted oxygen was confirmed by the [15O]O2 labelled 

PEP experiments. In these experiments [15O]O2 was first injected on reduced platinum 

sponge before the ammonia oxidation was started. In contrast to the [15O]O2 pulse in the 

reaction flow stream (Table 5.2) now 10 % of pulsed oxygen remains at the catalyst surface 

(Table 5.3). Thus, a number of oxygen species are formed at the surface, which are 

unreactive with respect to water or nitrous oxide. In a similar experiment the adsorbed 

[15O]O2 was placed under the hydrogen flow (not shown), which resulted in the formation of 
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water, but also a significant amount of (unreactive) oxygen remained adsorbed at the surface. 

A formation of oxygen islands on platinum provides a reasonable explanation for this 

unreactive adsorbed oxygen phase. 
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Figure 5.12: Ammonia oxidation reaction performed at 373 K on a pre-oxidised platinum 

sponge catalyst: a) concentration of N2 and N2O  versus time for, b) conversion of NH3 and 

O2 versus time (GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). 

 

Table 5.3: Initial deactivation times for the pre-oxidised platinum sponge catalyst and 

percentage of the 15O-labelled species remaining at the catalyst when pulse was injected 

before the start of the ammonia oxidation reaction.   

Temperature 

[K] 

Initial deactivation time 

[min] 

15O pre-adsorbed and not removed 

[%] 

323 0.2 11 ± 1 

348 0.8 10 ± 1 

373 5 12 ± 1 

423 - < 1 

 

5.3.5 NO and N2O pulse experiments 

In this set of experiments the ammonia oxidation reaction was carried out, wherein diluted 

NO (Fig. 5.13a) or N2O pulses (Fig. 5.13b) were injected into the reaction stream. These 

pulse experiments are compared with He pulses for correct interpretation of the data, since 

the injection of a pulse into the reaction stream causes a visible short decrease in the product 

formation as the reaction flow is substantially diluted at that moment. Thus, the comparison 
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to what extent for example nitrogen is diluted with NO and the He pulses indicate if nitrogen 

is formed due to the NO pulse. Figure 5.13a shows NO pulses at 348 K. In the beginning of 

the reaction NO adsorbs at the catalyst because the NO pulses are not detected with MS. 

First, some N2 is formed (first two pulses), however also a part of NO remains adsorbed at 

the surface. As the catalyst becomes deactivated with increasing surface coverage, the 

consecutive NO pulses are converted into N2 and N2O. At high surface coverage, when the 

catalyst is deactivated, NO selectively forms N2O. This indirectly supports the interpretation 

of the XPS measurement, showing that the NO species are not present at the catalyst surface 

otherwise they would react towards N2O. It should be noticed that the water signal does not 

show any concentration changes in all of the performed pulse experiments. Figure 14b shows 

that the N2O pulses are converted at the beginning of the reaction selectively into nitrogen. 

With the increasing surface coverage less nitrogen is formed and N2O leaves unconverted the 

catalyst bed. Thus, at 348 K N2O decomposes into nitrogen and probably atomic oxygen with 

the restriction that the surface coverage is relatively low. This decomposition of N2O is in 

line with literature [Takaudis and Schmidt, 1983; Lintz and Riekert, 1984], moreover it is 

also reported that that the rate of the N2O decomposition is retarded by oxygen. In Fig. 5.14 

similar NO and N2O pulse experiments are shown, however at higher temperature (423 K) 

where the catalyst is still very active and the surface coverage is low.  
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Figure 5.13: Concentration of N2 and N2O versus time for ammonia oxidation reaction at 323 

K, during the reaction (a) NO pulses were injected (b) N2O pulses were injected 

 (GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). 

 

Figure 5.14a shows production of nitrogen as a consequence of the NO pulses. At this 

temperature and low surface coverage the formation of nitrogen from NO is plausible, since 
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NO can dissociate or directly react with the NHx species. Figure 5.14b illustrates that N2O 

decomposes to nitrogen. However, if N2O is added continuously to the reaction stream then 

the decomposition of N2O ends. This means that the platinum catalyst is able to decompose 

only relatively low amounts of N2O. The oxygen signal does not show any additional 

formation of oxygen, which suggests that formed atomic oxygen is consumed in a reaction 

with ammonia. 
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Figure 5.14: Concentration of N2 and N2O versus time for ammonia oxidation reaction at  

423 K, during the reaction (a) NO pulses were injected (b) N2O pulses were injected  

(GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). 

 

In order to investigate whether NO dissociates at platinum below 413 K, a steady state 

ammonia oxidation experiment is performed with some of NO in the reactant stream (Fig. 

5.15). Clearly, NO has a deactivating effect, as the initial deactivation of the catalyst is much 

faster. This faster deactivation is also observed at lower reaction temperatures. This indicates 

that the decomposition of NO and/or reaction of NO with the NHx species is much slower 

than the deposition of the NHx species at the surface. With increasing surface coverage more 

N2O is formed and even after the catalyst is deactivated NO is fully converted into N2O (also 

observed in the NO pulse experiments).   
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Figure 5.15: Ammonia oxidation experiment with NO traces in the flow (NO/He flow of 0.5 

vol. % of 10 cm3/min) compared to the standard ammonia oxidation experiment without NO 

traces at 388 K (GHSV = 5600 hr-1, NH3/O2 = 2/1.5 flow = 46.5 cm3/min.). 

 

5.3.6 Desorption of water   

The PEP, XPS and TPD experiments have indicated that mainly nitrogen containing species 

(NH2, NH) cause the deactivation of the catalyst. The oxygen species, especially formed 

hydroxyls, are not causing the profound deactivation of the catalyst. This suggests that the 

production of water through the reaction of two hydroxyls is much faster than the 

endothermic reaction between NH and OH: 

2OH(a)   H2O(g) +   O(a)   +   *    (fast) 

2NH(a) +   OH(a)  N2(g)    +  H2O(g)   +   3*  (slow) 

 

 The formation of water via hydroxyls and the desorption of water at low temperatures is 

investigated with PEP in [15O]O2 pulse experiments injected in the hydrogen and ammonia 

flow. Figure 5.16a,b shows that a [15O]O2 pulse at 323 K in ammonia or hydrogen flow on 

the platinum sponge shows a distinct desorption profile, which is assigned to desorbing 

water.  

 As reported in chapter 4, oxygen adsorbs dissociatively on platinum. The oxygen 

atoms react with ammonia or hydrogen towards water, the only oxygen-containing product. 

In both experiments the water formation proceeds most probably via the reaction of 

hydroxyls. This indicates for the ammonia oxidation at low temperatures that the water 

formation via hydroxyls is not the rate determining step. The desorbing water (low quantities) 

readsorbs on platinum and obviously with increasing temperature water faster leaves the 

catalyst bed (Fig. 5.16c). 
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Figure 5.16: PEP image of a pulse injection of [15O]O2 on Pt sponge (flow = 46.5 cm3/min.) 

(a) in 1 vol. % NH3/He flow at 323 K; (b) in 4 vol. % H2/He flow at 323 K; (c) in 4 vol. % 

H2/He flow at 423 K. 

 

5.4 Reaction Mechanism 

The adsorption of ammonia is activated by the presence of dissociatively adsorbed oxygen at 

the surface, which has been described in chapter 4.     

O2(g) +   2*    2O(a)    

NH3(g)   +   *      NH3(a)   

 

At the very beginning of the reaction hydrogen is stripped from ammonia by dissociatively 

adsorbed oxygen forming the NHx and OH species. These reactions are exothermic, relatively 

fast and proceed at all used conditions. 

NH3(a) +   O(a)   NH2(a)   +   OH(a)  

NH2(a) +   O(a)   NH(a)    +   OH(a) 

NH(a) +   O(a)   N(a)    +   OH(a)  
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5.4.1 Temperatures below 398 K 

a) Low surface coverage 

XPS measurements and temperature programmed experiments have shown that after the 

deactivation of the catalyst the surface of platinum is fully covered with the NH and NH2 

species. The PEP experiments have also indicated that mainly nitrogen containing species 

cause the deactivation of the catalyst. This means that the endothermic reactions between 

NHx and OH are not proceeding very fast. The production of water through the reaction of 

two hydroxyls is much faster:   

2OH(a)    H2O +   O(a)   +   *  

 

Atomic nitrogen is also not observed in XPS measurements, probably because recombination 

of two N(a) forms N2: 

2N(a)    N2 +   2*   

 

The formation of atomic nitrogen can also proceed via the NHx(a) species or NO(a). The 

reaction of NH with atomic oxygen is exothermic and very fast. The reaction of NHx with 

OH is less probable since for these exothermic reactions a higher energy barrier needs to be 

overcome. The reaction of NH with OH is also proposed by Van den Broek [Van den Broek 

et al., 1999] to be the rate determining step in the ammonia oxidation.  

NH(a) +   O(a)   N(a)    +   OH(a)  

NH(a) +   OH(a)  N(a)    +   H2O(a)  

 

However, the formation of nitrogen may also proceed via NO(a) intermediate: 

NH(a) +   NO (a)  N2 + OH(a)   +   * 

NO(a) +   *   N(a) +   O(a)   

 

At temperature below 380 K it has been reported on Pt(100) that the dissociation of NO is 

prohibited [Lombardo et al., 1992a,b; Veser et al., 1992; Bradley et al., 1995]. Both proposed 

reactions for the formation of N(a) via NO(a) require the dissociation of nitric oxide and 

therefore the recombination of N adatoms is a more feasible option. Moreover, the formation 

of NO at these conditions is apparently not favourable, because the deactivated catalyst is 

mainly covered with the NHx species (mainly NH and NH2), instead with NO. Thus, at the 

low surface coverage NO seems to be not the dominant species, probably due to the low 

oxygen surface coverage, which disfavours the formation of NO. It should be noted that the 
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NO dissociation temperature should be lower for our platinum catalyst due to the possible 

preference of dislocations and resulting presence of steps. The formation of some nitrogen 

from the NO pulses in the ammonia/oxygen flow at 348 K demonstrates this.  

 The formation of N2O is not observed at low surface coverage and low temperatures. 

The N2O pulse experiments showed that small amounts of N2O decompose on platinum to 

form nitrogen and atomic oxygen, and for that reason the selectivity towards nitrogen is high. 

  

b) High surface coverage  

As the surface coverage increases, the NHx species are faster formed via ammonia adsorption 

than removed via nitrogen formation, the selectivity of the catalyst changes, N2O starts to be 

formed. First, NO(a) formation is accelerated due to increased surface coverage with oxygen. 

NH(a) +   2O(a)   NO(a) +   OH(a)  + *  

NH(a) +   2OH(a)   NO(a) +   H2O(a) + H(a)   

 

NO(a) can not desorb at these temperatures [Vajo et al., 1985; Bradley et al., 1995; Mieher 

and Ho, 1995] and therefore reacts towards N2O. Our TPO experiment (Fig. 5.10) showed 

that NO desorbs from platinum from about 423 K, but only at the high oxygen surface 

coverage. In Fig. 5.1 a drastic decrease of nitrogen and N2O formation is observed, which can 

be explained in terms of the moving reaction front through the catalyst bed. As the reaction 

zone arrives at the last positions, N2O cannot decompose any more since there is no fresh 

platinum surface left. As the last positions are deactivated, the catalyst’s activity sharply 

decreases and the surface remains covered mainly with NH and NH2. This is supported in the 

XPS N(1s) measurement, but also indirectly by the NO pulse experiments. 

A pre-oxidised catalyst deactivates much faster than the reduced platinum sponge. 

Ammonia adsorption and dissociation is accelerated by the presence of oxygen. Thus, the 

NHx species cover much faster the platinum surface. The concentration profiles for nitrogen 

and nitrous oxide do not change, which indicates that the reaction mechanism is not changed 

for the pre-oxidised catalyst. 

 

5.4.2 Temperatures above 398 K 

Deactivation of the catalyst is not observed at these temperatures and only N2 and H2O are 

formed. The change in the reaction mechanism is indicated by the reactivation experiment 

(Fig. 5.2), in which N2O formation rapidly decreases suggesting a change in the reaction 

mechanism depending on the surface coverage. The N2O decrease cannot only be explained 
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by the decomposition of N2O at platinum, as described in the N2O pulse experiments. 

Certainly, only low amounts of N2O can be decomposed:  

N2O(a)    N2 +   O(a)   

 

Above 398 K the deposition of the NHx species on platinum does not take place, as shown in 

the PEP experiments. Thus, the NHx species are now much more reactive. However, also the 

NO pulse experiments showed that NO can be selectively converted into nitrogen. The TPD, 

TPO and TP-NO experiments showed that above 423 K NO is present at the surface leading 

to N2, N2O or NO depending on the surface coverage. To conclude, three reaction pathways 

are responsible for the nitrogen formation: via the endothermic reactions of NHx with OH, via 

the NO dissociation or via the NO and NHx reaction.  

 

5.5 Conclusion 

Below 388 K, two regions in the product distribution in the ammonia oxidation at the 

temperatures are observed, which depend on the surface coverage. At low surface coverage 

(catalyst is active) N2 and H2O are selectively produced via stripping of hydrogen from 

ammonia by oxygen atoms. Hydroxyl groups form water, which immediately desorbs. With 

PEP, it was observed that already when the catalyst is still active, adsorbed nitrogen species 

are formed which stay irreversibly adsorbed at the catalyst surface and do not form any 

gaseous products. These nitrogen species mainly cause the poisoning of the platinum catalyst, 

thus retarding the adsorption of reactants. The XPS and temperature programmed 

experiments showed that NH2(a) and NH(a) are poisoning the catalyst. The oxygen species do 

not poison the catalyst, unless oxygen is pre-adsorbed at platinum. The main reason for the 

deactivation of the platinum catalyst is the fact that the NHx(a) + OH(a) reaction is much 

slower than formation of water via hydroxyls. In this way the NH and NH2 remain unreactive 

at the surface and they block the active sites. The nitrogen formation proceeds via the 

recombination of atomic nitrogen and not via the NO(a) intermediate. Low surface coverage 

does not favour the NO(a) formation and below 400 K the dissociation of NO is prohibited. 

Moreover, the addition of NO to the reaction flow causes faster deactivation of the platinum 

sponge. The pre-oxidised platinum sponge deactivates faster than the platinum sponge due to 

surface poisoning caused partly by the nitrogen species and partly by unreactive oxygen.  

At high surface coverage, when the catalyst deactivates, the selectivity of the catalyst 

changes. Next to N2 also N2O is formed. The intermediate NO(a) seems to be mainly involved 

in the formation of N2O. The higher consumption of O2 than of NH3 suggests that oxygen is 
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involved in a relatively slow PtO formation. The initial deactivation of the platinum catalyst 

is obviously a case of selfpoisoning [Hughes, 1984]. The fact that the catalyst is regenerated 

after a reduction step with hydrogen to its initial activity supports this.  

Above 388 K nitrogen and water are formed and the catalyst maintains its high initial 

activity. The NO pulse experiments indicate that small quantities of NO can be selectively 

converted to nitrogen. Also N2O decomposes to nitrogen, which explains the high selectivity 

towards nitrogen. However, the reaction route for the nitrogen formation is still unclear. It is 

probable that the main route towards N2 formation proceeds via intermediate formation of 

NO(a) and subsequent reaction of NO(a) with the NHx(a) species. 
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Low temperature ammonia oxidation on Pt/γ-alumina: 

The influence of the alumina support 
 

 
 

 

 

 

 

 

 

 

 

Abstract 

Deactivation of a Pt/γ-alumina catalyst used for ammonia oxidation at low temperature was 

studied using positron emission profiling (PEP). Evidence is presented that irreversibly 

adsorbed nitrogen and oxygen species deactivate the catalyst. This deactivation is further 

accelerated by pre-adsorption of oxygen on the catalyst. Ammonia strongly interacts with the 

alumina support. A steady state of ammonia oxidation reaction is reached after the alumina 

sites are saturated with ammonia. A similar reaction mechanism proceeds on the platinum 

sites of Pt/γ-alumina as on the platinum sponge catalyst. PEP experiments show that spillover 

of oxygen to the support is not significant during the ammonia oxidation. 
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6.1 Introduction 

The literature on low temperature ammonia oxidation over alumina-supported Pt catalysts is 

relatively scarce [DeLaney and Manogue, 1973; Ostermaier et al., 1974, 1976; van den 

Broek, 1998]. Nitrogen and nitrous oxide (up to 25 %) were the only nitrogen-containing 

product molecules. Several groups found [DeLaney and Manogue, 1973; Ostermaier et al., 

1974, 1976] that the Pt crystallite size significantly affects the catalytic activity, smaller 

crystallites having a lower activity than larger ones. It was also concluded that deactivation is 

related to oxygen poisoning of the surface resulting in bulk oxidation of Pt. In a more recent 

study Van den Broek et al. [Van den Broek, 1998] observed a similar particle size effect, 

although deactivation was explained by inhibition of the reaction intermediates. This was 

derived from the fact that the deactivation process is reversible by removing these 

intermediates upon heating to 473 K under reaction conditions. Thus poisoning is the reason 

for the catalyst deactivation and not sintering, thermal deactivation of the catalyst or fouling. 

The study of reaction mechanisms over metal surfaces is more difficult for supported 

catalysts than for single crystals [Oudar and Wise, 1985] due to the coexistence of particles of 

different sizes, various orientations of the metal crystals, ill-defined chemical and structural 

states of the surface during the catalytic reaction, possible influence of the support and heat or 

mass transfer limitations. Chapter 5 has shown that the oxidation of ammonia by oxygen over 

the pure platinum sponge exhibits a deactivation, which is strongly dependent on 

temperature. We identified that deactivation of these catalytic materials is mainly related to 

poisoning by nitrogen-containing species (NH and NH2) in line with earlier work [Van den 

Broek, 1998] The main issue of the present question to be addressed in the current 

contribution is if the reaction mechanism of ammonia oxidation over Pt/γ-Al2O3 is similar to 

that on the platinum sponge catalyst. Moreover, this will give insight into the influence of the 

presence of the alumina support and into deactivation phenomena. Positron emission 

profiling is applied to provide in situ information on the reaction species.  

In this chapter the conversion and the product formation in the ammonia oxidation 

over the Pt/γ-alumina and pre-oxidised Pt/γ-alumina catalyst are presented as a function of 

temperature. The nature of the deactivating species is further investigated with temperature 

programmed desorption (TPD). In addition, we will demonstrate that below 473 K the 

catalyst deactivates due to poisoning of the catalyst surface by oxygen and nitrogen species. 

The PEP experiments provide complementary information on the influence of the alumina 

support on the reaction. 
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6.2 Experimental 

6.2.1 Catalytic reactor 

Ammonia oxidation experiments were carried out in a single-pass microflow reactor. 

Typically, an amount of catalyst (1.0 wt. % Pt/γ-alumina) was put in a quartz reactor with an 

internal diameter of 4 mm. Pt/γ-alumina was prepared by pore volume impregnation of a 

solution of Pt(NH3)4(OH)2 into a 250 - 450 µm sieve fraction of γ-alumina (Ketjen, BET 

surface area 188 m2/g, average pore diameter 106 Å, iron contamination 0.015 wt. %) 

followed by drying at 373 K and reduction at 723 K in hydrogen. The cluster size of platinum 

is determined to be 1.4 nm. Online gas-phase analysis was carried out by a quadrupole mass 

spectrometer (Balzers Instruments Omnistar GSD 3000). The experiments were done at 

temperatures between 323 K and 673 K. For the oxygen spillover experiments, a γ-alumina 

(Ketjen E-000) sample of the same sieve fraction was employed.  

Prior to a typical experiment, the catalyst was reduced in situ by heating from 298 to 

673 K in a 10 vol. % H2/He flow (40 cm3/min). Subsequently, the sample was kept at this 

temperature for 2 h followed by a He flushing period for 0.33 h. The temperature was then 

decreased to the desired reaction temperature. A pre-oxidised Pt/γ-alumina is obtained in the 

following way: the reduced catalyst was pre-treated with a 1 vol. % O2/He flow (48 cm3/min) 

for 1 h at 373 K followed by He flushing for 1 h. Oxygen adsorbs dissociatively at this 

temperature (chapter 4.3.1), which is in line with earlier reports [Norton, 1975; Wagner and 

Brümmer, 1978; Gland, 1980; He et al., 1999; Luerβen et al., 2000].   

 

6.2.2 Ammonia oxidation experiments 

The reaction mixture for ammonia oxidation consisted of 2.0 vol. % NH3 and 1.5 vol. % O2 in 

He at a total flow of 48 cm3/min. Turn-over-frequencies (TOF) are calculated on the basis of the 

MS analyses of nitrogen products and are expressed per unit of metal surface area. Steady state 

experiments were performed in the temperature range of 423 - 573 K. 

 

6.2.3 Temperature programmed desorption experiments 

Temperature programmed experiments were performed after the catalyst was deactivated at 

either 348 and 473 K. First the catalyst was flushed with He for 1 hour. Then, the temperature 

was raised with 10 K/min (20 cm3/min) under He flow. 
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6.2.4 PEP pulse experiments 

The production method of gaseous pulses of [13N]NH3 and [15O]O2 is described in detail 

respectively in chapters 2 and 3. The reduced Pt/γ-alumina catalyst was kept under an 

NH3/O2/He flow (GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.) at 273 - 573 K. 

Subsequently, a pulse of [13N]NH3 or [15O]O2 was injected in this reaction flow. In some 

experiments the radiolabelled pulses were injected at the reduced Pt/γ-alumina or γ-alumina 

catalyst in He or O2/He flow (GHSV = 5600 hr-1, flow = 46.5 cm3/min.). 

 

6.3 Results and Discussion 

6.3.1 Ammonia oxidation on Pt/γ-Al2O3 and pre-oxidised Pt/γ-Al2O3 

a) Ammonia oxidation at 323 - 473 K.  
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Figure 6.1: Turn-over-frequency for ammonia oxidation reaction at 323 - 473 K over: (a) 1 

wt. % Pt/γ-Al2O3; (b) pre-oxidised 1 wt. % Pt/γ-Al2O3 (GHSV = 5600 hr-1, NH3/O2 = 2/1.5, 

flow = 46.5 cm3/min.). 

  

Figure 6.1a,b displays the activities of Pt/γ-Al2O3 and pre-oxidised Pt/γ-Al2O3 as a function 

of the reaction temperature. Clearly, a strong deactivation sets in within 4 minutes for both 

catalysts. The conversions of ammonia and oxygen have decreased to below 5 % within 20 

minutes and a steady-state regime is reached. The initial catalytic activity for the experiments 

carried out at 323 and 373 K is low. Strikingly, the TOFs are lower for the oxidised catalyst 

indicating that adsorbed oxygen strongly affects catalyst performance at these temperatures 

and ammonia will not reduce the pre-oxidised surface. At these temperatures ammonia does 

not reduce the pre-oxidised surface. This is also observed on platinum and pre-oxidised 

platinum sponge catalyst (chapter 5). At a temperature of 423 K a maximum in activity is 

112 



Chapter 6: Low temp. ammonia oxidation on Pt/γ-alumina 

reached in less than 2 minutes followed by a slow decrease. At 473 K this decrease is less 

pronounced. However, in both cases the catalysts deactivate quite strongly after 

approximately 4 minutes. The activity of pre-oxidised Pt/γ-Al2O3 at 423 and 473 K is slightly 

higher than that of Pt/γ-Al2O3. This similar catalytic behaviour of both catalysts is in 

agreement with results obtained for a Pt sponge catalyst (chapter 5). However, the rapid 

decrease of activity of the supported catalysts contrasts the findings for the sponge. This will 

be discussed later. 
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Figure 6.2: Selectivity of N2 and N2O versus time for ammonia oxidation reaction at 373 K 

over 1 wt. % Pt/γ-Al2O3 (GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). 

 

The selectivity to nitrogen and nitrous oxide for both catalysts is very similar in the 

studied temperature. Figure 6.2 exemplifies the selectivity to nitrogen products in ammonia 

oxidation over Pt/γ-Al2O3 at 373 K. The main initial product is dinitrogen. However, almost 

instantaneously the selectivity to N2 drops followed by the production of N2O. At the steady 

state the selectivity of N2O is about 5 %. This is related to the fact that the formation of N2O 

via NO(a) is related to the poisoning of the catalyst with the nitrogen and oxygen species. 

With increased surface coverage the formation of NO(a) is favourable and NO(a) 

decomposition or desorption does not proceed [Lombardo et al., 1992a,b; Veser et al., 1992; 

Bradley et al., 1995]. Importantly, NO was not observed under the present reaction 

conditions. Figure 6.2 shows that mainly nitrogen is formed. In the first minutes of the 

reaction (initial stage) the selectivity towards nitrogen decreases. Table 6.1 lists the N2O 

selectivities for both catalysts at various temperatures. It follows that more nitrous oxide is 

formed with increasing temperatures.  
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Table 6.1: Selectivity for the stoechiometric ammonia oxidation on 1 wt. % Pt/γ-Al2O3 and 

pre-oxidised 1 wt. % Pt/γ-Al2O3 at 323 - 473 K. 

Temperature 

[K] 

Pt/γ-Al2O3 

N2O selectivity [%] 

(initial/at steady state) 

pre-oxidised Pt/γ-Al2O3 

N2O selectivity [%] 

(initial/at steady state) 

323 0.3 / 3.8 2.5 / 4.0 

373 0.5 / 5.0 3.3 / 4.6 

423 1.7 / 6.3 5.6 / 6.0 

473 7.1 / 5.2 6.8 / 4.8 

  

6.3.2 Temperature programmed desorption 

Figure 6.3a,b shows the evolution of reaction products in the TPD experiments, performed 

after ammonia oxidation over 1 wt. % Pt/γ-Al2O3 at 348 K (surface A) and 473 K (surface B). 

It should be noted that before a temperature programmed desorption experiment is started a 

significant amount of ammonia is adsorbed during the reaction on the alumina sites. We note 

here that during the temperature programmed desorption still reaction may take place 

between this ammonia, adsorbed nitrogen-containing species and oxygen atoms. Desorption 

of ammonia is much more pronounced in the low-temperature experiment. Conversely, much 

more water is formed during TPD of the surface generated upon ammonia oxidation at 473 K. 

Moreover, a higher concentration of nitrous oxide is observed. The desorption of a 

significantly higher amount of oxygen-containing species from surface B suggests that the 

deactivation is related to the presence of oxygen species. The situation is different for surface 

A where desorption of nitrogen-containing species is dominant. Dinitrogen evolves with 

maxima around 400 and 620 K. The latter peak is accompanied by evolution of N2O, which is 

in line with the reported onset temperature for nitrous oxide formation of 613 by Li and 

Armor [Li and Armor, 1997]. The adsorbed NO species involved in N2O formation must be 

formed below 400 K, since a very small nitrous oxide evolution was found for surface B. 

From these data, we infer that the dominant species at low temperature (below 400 K) are 

nitrogen species (NH and NH2), whereas the surface is filled with oxygen species at higher 

temperatures. We suggest that the deactivation is related to the dominance of these species at 

the deactivated surfaces. 
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Figure 6.3: Evolution of N2, N2O, NH3 and H2O measured by online mass spectrometry in 

temperature programmed desorption experiment over 1 wt. % Pt/γ-Al2O3 after: (a) ammonia 

oxidation performed at 348 K; (b) ammonia oxidation performed at 473 K. (TPD conditions: 

10 K/min up to 628 K, He flow of 40 cm3/min).  
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Figure 6.4: Ammonia oxidation at 323 K till the catalyst is deactivated followed by a 

temperature programmed reaction. TP-reaction part is only shown (20 K/min, GHSV = 5600 

hr-1, NH3/O2 = 2/1.5). 

 

A further temperature programmed reaction experiment was performed to investigate 

reactivation of the catalyst (Fig. 6.4). First, the catalyst is deactivated during ammonia 

oxidation at 323 K and subsequently heated in the reaction mixture to temperatures above 

520 K. This temperature was chosen since the TPD experiment indicated that desorption of 

the majority of nitrogen species takes place below 500 K. A significant amount of N2O 
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evolves before the catalyst is reactivated. One observes that above the reaction temperature 

the catalyst is reactivated and mainly produces nitrogen and water. 

 

6.3.3 [13N]NH3 and [15O]O2 PEP experiments 

Figure 6.5 shows the PEP images of a [13N]NH3 pulse in the reaction mixture at the start of 

the reaction at 348 K and 473 K. The TOF of the catalyst is already presented in Fig. 6.1. The 

radiolabelled ammonia pulse travels through the catalyst bed as a single pulse for the 

experiment carried out at 348 K. The retention time of these 13N species is relatively long 

(Fig. 6.5c), which excludes the possibility that the 13N concentration is related to 13N2 or 
13N2O species because their retention times are in the order of a seconds. Moreover, the 

observed retention time is in accordance with the breakthrough time of ammonia in the 

reaction. Therefore, most of the observed radiolabelled ammonia was only adsorbed/desorbed 

on the γ-alumina sites  (presented in chapter 7). Figure 6.5c shows that a small part of the 

activity remained on the catalyst bed at 348 K. As [13N]NH3 only reversibly adsorbs on the 

alumina sites, we infer that these 13N species are adsorbed on the platinum sites. This small 

amount of remaining radiolabelled species originates from the conversion of a small amount 

of radiolabelled ammonia to adsorbed nitrogen species. This result is in agreement with the 

TPD experiment (Fig. 6.3), which indicated that nitrogen species poison the catalyst. At 473 

K, the PEP results point to a totally different situation. First, the catalyst shows a much higher 

activity at the beginning of the catalyst bed. Moreover, most of the radiolabelled ammonia is 

converted to nitrogen and nitrous oxide, as derived from the relatively small residence time of 
13N species in the catalyst bed (Fig. 6.5b,c). A small part of the injected [13N]NH3 slowly 

leaves the catalyst bed due to readsorption on the alumina sites. The fact that no detectable 

activity remained on the catalyst bed - despite the high conversion - indicates that the oxygen 

species mainly deactivate the catalyst. This agrees with the results of the earlier TPD 

experiments.  
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Figure 6.5: PEP images of a pulse injection of [13N]NH3 on 1 wt. % Pt/γ-Al2O3 (a) 348 K; (b) 

473 K; (c) integrated 13N concentration as function of time for presented temperatures. 

Colour intensity represents the concentration of [13N]NH3. (GHSV = 5600 hr-1, NH3/O2 = 

2/1.5, flow = 46.5 cm3/min.). 

 

[15O]O2 pulse experiments show very different PEP images compared to those of 

[13N]NH3 pulse experiments. Figure 6.6 shows a typical PEP image when [15O]O2 is injected 

in the reaction mixture at 323 - 473 K during the first minute of the reaction. Generally, it is 

observed that the major part of the 15O concentration leaves the catalyst bed very fast and 

about 10% of the labelled oxygen remains adsorbed at the catalyst surface. This means that 

oxygen partly adsorbs irreversibly and poisons the catalyst. The 15O profile shows that 

oxygen interacts with the catalyst over the whole length of the catalyst bed. We will elaborate 

on oxygen interaction with Pt/γ-Al2O3 in the next paragraph. 
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Figure 6.6: PEP image of a pulse injection of [15O]O2 on 1 wt. % Pt/γ-Al2O3 at 423 K. PEP 

images are very similar from 323 to 473 K: (a) PEP image; (b) normalised concentration as 

function of time. Colour intensity represents the concentration of [15O]O2 (GHSV = 5600 hr-1, 

NH3/O2 = 2/1.5, flow = 46.5 cm3/min.). 

 

6.3.4 Oxygen adsorption on Pt/γ-Al2O3 and γ-Al2O3 
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 Figure 6.7: PEP image of a pulse injection of [15O]O2 in He flow on 1 wt. % Pt/γ-Al2O3 at 

423 K. 30 seconds later the ammonia reaction is started: (a) PEP image; (b) normalised 

concentration as function of time. Colour intensity represents the concentration of [15O]O2 

(GHSV = 5600 hr-1, He flow = 46.5 cm3/min.). 
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Figure 6.7 shows that pre-adsorbed [15O]O2 on 1 wt. % Pt/γ-Al2O3 is not removed or 

consumed by the ammonia/oxygen flow. This is somewhat surprisingly, since on a platinum 

sponge catalyst 90 % of [15O]O2 (Table 5.3) is removed by the ammonia/oxygen flow. In a 

similar experiment, pre-adsorbed [15O]O2 on 1 wt. % Pt/γ-Al2O3 is also not removed by 

hydrogen. At least a part of oxygen should desorb as water. This result suggests that adsorbed 

[15O]O2 is not present on the platinum sites, but rather on the alumina sites. However, this 

leaves the question whether oxygen adsorbs on the support or that it derives from spillover 

from Pt sites. To further elucidate on this, [15O]O2 experiments are performed on pure γ-

Al2O3. Figure 6.8 shows the adsorption of [15O]O2 on pure γ-Al2O3 at different temperatures. 

The PEP results show that a part (up to 25 %) of the injected [15O]O2 remains adsorbed on 

alumina. The adsorbed [15O]O2 on the alumina sites cannot be exchanged with an oxygen 

flow, which points to a very slow exchange or an irreversible character of the adsorption. It 

should be noted that the amount of oxygen that can be adsorbed on the alumina sites is 

relatively low, as the oxygen concentration in the [15O]O2 pulse is about 10-15 moles. Still, the 

fact that the minor part of the injected [15O]O2 remains adsorbed at γ-Al2O3 contrasts the 

adsorption of labelled oxygen on Pt/γ-Al2O3 (Fig. 6.7) where all of the adsorbed oxygen 

(10-15 moles) remained adsorbed. The possible explanation is a spillover of adsorbed oxygen 

atoms from platinum sites to the catalyst support, which is also reported for Pt/γ-Al2O3 

system [Abderrahim and Duprez, 1988; Duprez, 1997; Van der Linde, 1999; Holmgren et al., 

1999].   

However, up to this point we have not discussed spillover of oxygen to alumina sites 

during the ammonia oxidation, thus in a situation where the gas phase concentration of 

oxygen is much higher. The spillover of oxygen will take place if the migration process of 

oxygen atoms from platinum to the support is faster than the consumption of oxygen by 

ammonia. Moreover, the spillover will strongly influence the ammonia oxidation when large 

amounts of oxygen migrate to alumina. Figure 6.6 already showed that only 10 % of [15O]O2 

remained adsorbed at the catalyst when injected in the ammonia/oxygen flow. This indicates 

that the spillover is not profound. Furthermore, as the TPD experiments indicated, the 

desorption of water is substantial, and thus oxygen species are also left on the platinum sites. 

Thus, during the ammonia oxidation the spillover of oxygen does not significantly influence 

the reaction kinetics. Moreover, only low amounts of oxygen migrate from platinum to 

alumina support. Once alumina has been saturated with oxygen (low amounts) it does not 

adsorb much oxygen. The faster deactivation of the pre-oxidised catalyst indicates as well the 
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presence of oxygen on the platinum sites. This also means that we can speak of a pre-

oxidised catalyst (Fig. 6.1) because only a small amount of gas phase oxygen migrates from 

platinum to the support and a major part of oxygen adsorbs on the platinum sites. 

catalyst bed

A

T =323 K

400

200

0

catalyst bed

A

T =323 K

catalyst bed

A

T =323 K

catalyst bedcatalyst bed

A

T =323 K

400

200

0

catalyst bed

B

T =373 K

400

200

0

catalyst bed

B

T =373 K

catalyst bed

B

T =373 K

catalyst bedcatalyst bed

B

T =373 K

400

200

0

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400

time [s]

in
te

ns
ity

 [a
.u

.]

D

423 K
373 K
323 Kcatalyst bed

C

T =423 K

400

200

0

catalyst bed

C

T =423 K

catalyst bed

C

T =423 K

catalyst bedcatalyst bed

C

T =423 K

400

200

0

 

Figure 6.8: PEP image of a pulse injection of [15O]O2 in He flow on γ-Al2O3 at: (a) 323 K; (b) 

373 K; (c) 423 K; (d) normalised concentration as function of time. Colour intensity 

represents the concentration of [15O]O2 (GHSV = 5600 hr-1, NH3/O2 = 2/1.5, flow = 46.5 

cm3/min.). 

 

6.4 Deactivation of the catalyst - general discussion 

6.4.1 Start of the reaction 
A closer look at the influence of the alumina support in the deactivation process, especially in 

the first minutes of the reaction shows a sudden deactivation after 4 minutes at 323 and 373 K 

(Fig. 6.1). This coincides with the detection of ammonia in the reactor effluent. This 

breakthrough of ammonia is further investigated by comparing the break through time of 
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ammonia using a reaction mixture (O2/NH3/He) and using ammonia (NH3/He) with identical 

partial pressure as the reaction mixture (Table 6.2). 

 

Table 6.2: Comparison of the deactivation and break through time for ammonia and oxygen 

measured with MS.  

Temp. 

[K] 

Deactivation time 

[min] 

Break through time 

of NH3 [min] 

Break through time  

of O2 [min] 

323 immediate,  

slow decrease  

7.0 +/- 0.02 

373 immediate,  

slow decrease 

4.7 +/- 0.02 

423 4 3.9 +/- 0.02 

473 4 3.8 +/- 0.02 

 

At all temperatures oxygen is detected almost immediately after the start of the reaction. The 

retention time of oxygen in the catalyst bed is around 1 s, while the retention time of the 

ammonia in the catalyst bed is much longer. The radiolabelled ammonia experiment (Fig. 

6.5) showed that the adsorption/desorption equilibrium of ammonia on alumina determines 

the movement of ammonia through the catalyst bed. This is caused by the adsorption of 

ammonia on the acid sites of γ-alumina (discussed in detail in chapter 7). To presaturate the 

large amount of the alumina sites with ammonia a relatively long adsorption time is needed, 

delaying the break through of ammonia. This results in the following picture of ammonia 

oxidation reaction on Pt/γ-Al2O3. In the first seconds, ammonia oxidation takes place at the 

beginning of the catalyst bed. A major part of ammonia saturates the alumina acidic site, 

while a small part reacts with oxygen atoms adsorbed on Pt sites. Oxygen is mainly adsorbed 

on these latter sites. Due to the adsorption of ammonia on alumina, the reaction does not 

proceed under stoichiometric conditions. The reaction zone moves to the end of the catalyst 

bed as ammonia saturates the alumina sites. However, since oxygen travels much faster 

through the catalyst bed, dissociatively adsorbed oxygen atoms are present in the remainder 

of the catalyst bed (Fig. 6.6). The spillover experiments indicated that only a small part of 

adsorbed oxygen migrates to the alumina support.  Thus, in the first minutes of the reaction 

the platinum sites are being pre-oxidised before the ammonia (reaction) front reaches them. 
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In conclusion, the experiments with Pt/γ-Al2O3 can therefore be interpreted as 

experiments on a pre-oxidised Pt/γ-Al2O3 surface. 

 

6.4.2 Temperature dependence 

a) Below 400 K 

Below 400 K it is observed that Pt/γ-Al2O3 catalyst quickly deactivates. Pt/γ-Al2O3 and pre-

oxidised Pt/γ-Al2O3 show a deactivation similar to the Pt sponge catalyst (chapter 5). 

Moreover, the [13N]NH3 pulse experiments showed that deactivation is caused by dominant 

adsorption of nitrogen species. This is in line with TPD experiments, which showed that 

when the catalyst is heated a significant amount of nitrogen desorbs. The pre-adsorption of 

oxygen accelerates the deactivation process. The first steps in the ammonia oxidation, 

stripping hydrogen from ammonia by oxygen atoms to the NHx species, are accelerated. The 

[15O]O2 pulse experiments showed that also the oxygen species remain adsorbed at the 

catalyst surface during the reaction. This is in contrast with the platinum sponge catalyst, 

where mainly the nitrogen species caused the deactivation. Several explanations are possible 

for this different behaviour. Foremost, in the alumina-supported catalyst, the reaction 

proceeds in an excess of oxygen due to the preferential adsorption of ammonia on the 

alumina support (Fig. 6.5a). Moreover, the small particle size of the Pt clusters may be 

relevant, since the pre-oxidation treatment has a more profound effect on smaller particles. 

The product selectivity on Pt/γ-Al2O3 shows similar features as for the platinum sponge 

catalyst. Nitrogen is the main product. From the beginning of the reaction the platinum 

surface of Pt/γ-Al2O3 is covered with the oxygen species, which in turn favours the formation 

of N2O. NO is not detected in the gas phase. We assume that the formation of water via the 

hydroxyls is faster than the formation of nitrogen via the hydroxyls reaction with the NHx 

species. In this way the platinum surface is covered with the NHx species. 

 

b) Above 400 K 

According to the reaction mechanism on the platinum sponge catalyst (chapter 5) above 400 

K the Pt/γ-Al2O3 catalyst should not deactivate. The reaction of hydroxyls with NHx is 

relatively fast at this temperature and the NHx species could react with adsorbed NO to form 

selectively nitrogen. The temperature programmed desorption experiment (Fig. 6.3b) showed 

that water was the main product of this experiment. The conclusion that above 400 K the 

oxygen species mainly deactivate the catalyst is confirmed by the [13N]NH3 and [15O]O2 PEP 
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experiments. A reasonable explanation for the deactivation of Pt/γ-Al2O3 at 473 K, in contrast 

to the platinum sponge, is the formation of Pt oxide. Due to the strong adsorption of ammonia 

on the alumina sites, the reaction takes place in excess of oxygen. Most of the platinum sites 

of Pt/γ-Al2O3 are pre-oxidised before the reaction takes place. However, the pre-oxidised 

catalyst is not deactivated and thus the catalyst deactivates during the ammonia oxidation 

reaction. High local temperatures are generated on the catalyst surface during the reaction 

event, which probably enhance the oxide formation. Oxygen rich reaction conditions in 

combination with the small platinum clusters cause the deactivation. The deactivation of 

smaller platinum crystallites is known to be more pronounced than for larger ones 

[Ostermaier et al., 1974; Broek van den, 1998]. Above 520 K the catalyst is not deactivated, 

probably due to increased ability of ammonia to reduce the metal surface. 

  

6.5 Conclusions 

Alumina-supported Pt particles exhibit a lower activity in low temperature ammonia 

oxidation than Pt sponge materials. Moreover, deactivation is more severe in the supported 

case indicating that supported Pt is not an adequate catalyst for the title reaction. Below 400 

K Pt/γ-alumina was found to be almost inactive. Pre-exposure of the reduced catalyst to 

oxygen lowers the initial TOF, suggesting that adsorbed oxygen atoms accelerate the 

deactivation. An important drawback of the application of the γ-alumina support was 

identified as it preferentially adsorbs ammonia resulting in a fast covering of the Pt surface by 

oxygen species. This deactivation occurs concomitant by deactivation of strongly adsorbed 

NHx species. Oxygen spillover to the alumina support appears to be rather small. Moreover, 

the alumina support itself is inactive for the oxidation of ammonia. At reaction temperature in 

excess of 400 K, Pt/γ-alumina shows a much higher initial activity, although typically below 

520 K deactivation is still observed. In this temperature range, deactivation is mainly caused 

by inhibition by oxygen atoms. Due to the adsorption of ammonia on alumina the initial 

reaction proceeds in an oxygen-rich environment. It is found that the catalyst exhibits a stable 

activity at reaction temperatures in excess of 520 K, presumably due to the removal of 

adsorbed oxygen and NHx species.  
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Adsorption Assisted Desorption of NH3 on γ-alumina 

studied with Positron Emission Profiling 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract 

Evidence for adsorption assisted desorption of 13NH3 in the presence of gas phase ammonia 

on γ-alumina is presented. Due to lateral interaction with physisorbed ammonia, the 

adsorption enthalpy of ammonia on γ-alumina was measured to be -11 ± 1 kJ/mol, using a 
13NH3/14NH3 isotopic exchange method. This adsorption/desorption exchange was monitored 

with positron emission profiling. Infrared spectroscopy showed ammonia to exchange 

preferentially on the Lewis acid sites of alumina.  
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7.1 Introduction 

Adsorption assisted desorption (AAD) has become a well-known phenomenon in catalysis 

[Yamada et al., 1983, Yamada and Tamaru 1984; Tamaru 1989, 1997; Xu and Iglesia, 1998]. 

According to Boudart [Boudart, 1999], AAD describes a desorption step which is not 

equilibrated, due to a higher concentration of the desorbing surface species than its 

equilibrium value. The adsorption step lowers the potential energy, which needs to be 

overcome by molecules to desorb from the surface. Thus, the adsorption step facilitates the 

desorption process. Overall, it results in an increased rate of desorption. The effect of surface 

coverage (θ) on the rate of desorption explains quantitatively recent data on AAD 

phenomena. The Monte Carlo simulations of the AAD processes ascribed the lowering of the 

activation energy for desorption to repulsive lateral interactions between the adsorbates 

[Lombardo and Bell, 1991]. In the present study of ammonia adsorption on γ-alumina, it was 

revealed that the rate of desorption of ammonia is increased by the gaseous pressure. 

Desorption of ammonia from alumina proceeds according to the AAD mechanism. 

Aluminas are commonly used as acid catalysts in catalytic applications and as support 

material for catalysts. The motivation for this study was to understand the influence of the 

alumina support on ammonia adsorption in the ammonia oxidation reaction over Pt/γ-

alumina. This chapter describes for the first time AAD phenomena in which ammonia is 

involved. Furthermore, the AAD has not been reported earlier on alumina. In contrast to 

Boudart’s interpretation [Boudart, 1999] our results indicate that the desorption is 

equilibrated. This may be due to more realistic reaction conditions (1 bar) compared to those 

reported in literature (ultra high vacuum). 

The first indications for AAD were found by Yates and Goodman [Yates and 

Goodman, 1980] in a study of adsorption of CO on Ni(100). Later, Tamaru and co-workers 

[Yamada et al., 1983] also showed that the rate of desorption of C18O in the presence of C16O 

in the gas phase was faster than in the presence of argon or in vacuum. This group 

investigated this phenomenon for CO on rhodium polycrystalline surfaces [Yamada and 

Tamaru, 1984 a], and for CO on ruthenium single crystal surfaces [Yamada and Tamaru, 

1984b]. By then, it was revealed that the absolute desorption rate increased with rising CO 

pressure and thus the phenomenon Adsorption Assisted Desorption was born. Tamaru 

[Tamaru 1989, 1997] proved that the effect of AAD is to lower the activation energy of 

desorption by an appreciable amount. The rapid process of Adsorption Assisted Desorption 

seemed to occur on all group VIII metal surfaces, but Sushchikh and coworkers proved that 
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AAD could be excluded for CO on Ir(111) surfaces [Sushchikh et al., 1997]. Nowadays, the 

AAD process is recognised and understood. Tracer exchange experiments played a key role 

in the recognition of the AAD process was played, which also form the basis of our study.  

A suitable technique to study transient and steady state phenomena using tracer 

exchange is positron emission profiling (PEP) [Anderson et al., 1997; Jonkers et al., 1992]. 

Here we use 13N-labelled ammonia (13NH3). This makes it possible to study the 

adsorption/desorption rate of 13NH3 in a stream of 14NH3 on γ-alumina:  
13NH3(g) ↔ 13NH3(a)  
13NH3(a) + 14NH3(g) ↔ 13NH3(g)  + 14NH3(a) 

 

Ammonia adsorption sites of γ-alumina have been identified with infrared 

spectroscopy (IR) and with temperature programmed desorption experiments (TPD). The 

TPD experiments are performed to determine the amount of chemisorbed ammonia at 

temperatures of 323 - 473 K. The amount of physisorbed ammonia is calculated from the PEP 

experiments at these temperatures. The evidence for AAD of ammonia on γ-alumina is 

directly visible with PEP pulse experiments. In addition, ∆Hads for the AAD process is 

calculated from the retention times of 13NH3 in the reactor in a 14NH3/He flow. 

 

7.2 Experimental 

7.2.1 Characterisation of alumina 

A Ketjen E-000 γ-alumina sample was used. The particle size of the samples was 250 - 425 

µm. The surface area of 180 m2/g and average pore diameter of 110 Å were measured with 

the B.E.T. method using a Micromeritics TriStar 3000 setup. The iron contamination in the 

pure γ-alumina was determined to be 0.015 +/- 0.001 wt. %, using Inductively Coupled 

Plasma Optical Emission Spectrometry (ICP-OES).  

 

7.2.2 IR experiments 

Infrared experiments were performed using a Bruker IFSv 113 FTIR spectrometer equipped 

with a heated vacuum cell. The spectra were recorded by measuring 125 scans at a resolution 

of 4 cm-1, using a DTGS detector. The sample was dried in the setup in vacuum at 673 K for 

2 hours. Ammonia was adsorbed at a pressure of 400 Pa for 30 minutes at 373 K. After 

adsorption of ammonia, the samples were evacuated for 30 minutes at 373 K, 473 K, 573 K 
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and 673 K, and spectra were recorded each time at 373 K. It is assumed that physisorbed 

ammonia is not present on an evacuated γ-alumina. 

 

7.2.3 Temperature Programmed Desorption (TPD) 

Prior to TPD experiments the catalyst was heated from 273 K to 403 K in a 10 vol. % 

hydrogen/helium flow of 40 cm3/min (STP) at a rate of 10 K/min. The catalyst was kept at 

this temperature for 1 hour before raising the temperature by 10 K/min to 653 K. The catalyst 

was kept at this temperature overnight. The catalyst was then pre-saturated at temperatures in 

the range 323 to 473 K with pure ammonia or ammonia in a 1.0 vol. % ammonia/helium flow 

of 48 cm3/min (STP) for 1 hour. After pre-saturation, the flow was changed to a helium flow 

of 33 cm3/min (STP) and after 20 hours the temperature was increased by 10 K/min or 5 

K/min to 673 K. The desorption of ammonia was monitored by a calibrated quadrupole mass 

spectrometer (Balzers Instruments Omnistar GSD 3000). 

 

7.2.4 Ammonia adsorption/desorption PEP experiments 

The production method of gaseous pulses of [13N]NH3 is described in chapter 2. In every 

PEP-experiment, the size of the catalyst particles was 250 - 425 µm, the length of the catalyst 

bed was 4 cm, and the catalyst volume equal to 0.5 ml. In all the PEP images, the 13N half-

life of 9.97 minutes was taken into account. For the AAD experiments, three main types of 

PEP experiments were carried out on the pure γ-alumina, which was pre-treated with a 10 

vol. % hydrogen/helium flow of 40 cm3/min (STP) at 673 K overnight. 

 

a) Equilibrium measurements 

The overnight pre-treated γ-alumina catalyst was kept under a 1.0 vol. % ammonia/helium 

flow of 48 cm3/min (STP). Subsequently a pulse of [13N]NH3 was injected in this 

ammonia/helium flow. These experiments were performed in the temperature range 243 - 473 

K. 

 

b) AAD measurements 

On the overnight pre-treated γ-alumina catalyst a [13N]NH3 pulse was adsorbed in He flow of 

48 cm3/min. After 400 seconds, the helium flow was changed to a 1.0 vol. % 

ammonia/helium flow of 48 cm3/min (STP). These experiments were performed at 

temperatures from 243 to 473 K. 
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c) Influence of the flow rate on adsorption/desorption 

The overnight pre-treated γ-alumina catalyst was kept under a 1.0 vol. % ammonia/helium 

flow in the range of 48 to 144 cm3/min (STP) at 373 K. Subsequently the [13N]NH3 pulses 

were injected at different NH3/He flow velocities: 48, 96 and 144 cm3/min (STP). 

 

7.3 Results and Discussion 

7.3.1 Infrared spectroscopy  

The acid sites on γ-alumina for ammonia adsorption are Brønsted hydroxyl groups and 

uncoordinated alumina Lewis sites [Peri, 1965]. According to Liu [Liu and Truitt, 1997] 

ammonia preferentially binds to the Lewis-acidic sites via a strong donor-acceptor bond 

between the nitrogen and the aluminum surface atom. Mainly two Lewis-acidic sites, tri- and 

penta-coordinated aluminum atoms, are present on the alumina surface. Six types of Brønsted 

acidic sites on alumina are recognised: terminal (Ia,Ib), bridged (IIa, IIb) and triply bridged 

(IIIa,IIIb) [Knözinger and Ratnasamy, 1978; Kawakami and Yoshida, 1986], however they are 

present in very low quantities on alumina [Kresnawahjuesa et al., 2002]. Even more, one may 

consider the hydroxyl groups as very weak Brønsted sites, because they are not strong 

enough to donate a proton to pyridine. 
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Figure 7.1: Infrared spectra of adsorbed ammonia on γ-alumina at 373, 473, 573, and 673K. 

 

In Fig. 7.1, the vibration frequencies of adsorbed ammonia on alumina are presented. 

The peaks at 1267 and 1625 cm-1 are characteristic for adsorbed ammonia on a Lewis site. 

The lower intensity peaks at 1410, 1450 and 1700 cm-1 represent many possible bands in the 

N-H bending region. The characteristic vibration frequencies of ammonia adsorbed on γ-

alumina are presented in Table 7.1. According to Dunken [Dunken et al., 1966] the 
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dissociation of ammonia will not take place below 773 K. Hence, ammonia present in the 

form of NH2
- or NH2- can be excluded. The peak at 1450 cm-1 is assigned to the N-H bending 

mode. The N-H bending peaks disappear at 573 K. At this temperature ammonia is still 

adsorbed at Lewis sites. With increasing temperature the peak at 1267 cm-1 becomes weaker 

and at 673 K ammonia is no longer adsorbed. It is likely that at higher temperatures ammonia 

is adsorbed at tri-coordinated aluminum sites, which are the strongest acidic sites on alumina 

[Liu and Truitt, 1997; Van Veen et al., 1989]. 

The infrared spectrum (Fig. 7.1) clearly shows the presence of adsorbed ammonia on 

γ-alumina in a wide temperature range. Quantitative information about the amount of both 

types of adsorbed ammonia cannot be obtained from these infrared spectra, however, the 

intense peak at 1267 cm-1 suggests that ammonia preferentially adsorbs on Lewis sites. This 

preferential ammonia adsorption on Lewis sites is reported by Knözinger et al. [Knözinger et 

al., 1977]. Furthermore, Kiselev and Centi [Kiselev and Lygin, 1975; Centi and Perathoner, 

1998; Kresnawahjuesa et al., 2002] reported that on γ-alumina the amount of Lewis acid sites 

is much higher than that of Brønsted sites. For these reasons it can be concluded that 

ammonia adsorption takes dominantly place on aluminum Lewis sites. 

 

Table 7.1: Vibration frequencies of adsorbed ammonia on γ-alumina [Medema et al., 1972; 

Kiselev and Lygin, 1975]. 

Adsorption state Chemical state Frequency NH deformation 

[cm-1] 

Molecular adsorption with 

hydrogen bonding 

NH3 1630 

Lewis-site adsorption, 

coordinative 

←NH3 1260 / 1625 

(1230 / 1610) 

Surface reactions  

with oxygen atoms 

NH2
- 

NH2- 

1470 / 1510 

Brønsted-site adsorption NH4
+ 1410 / 1700 

(1450-1470) 
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7.3.2 Temperature programmed desorption 
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Figure 7.2: Temperature programmed desorption of ammonia from 373 to 674 K with heating 

rate of 5 K/min (alumina was pre-saturated with 1 vol. % NH3/He at 373 K). 

 

Figure 7.2 shows a typical temperature programmed desorption (TPD) spectrum of 

desorption of ammonia from γ-alumina. Ammonia desorbs in the wide temperature range of 

398 to 673 K. One broad peak of desorbed ammonia is observed, which indicates that re-

adsorption of ammonia is taking place but also suggests that ammonia adsorbs at different 

acid sites. This overlap of desorption peaks corresponding to various adsorption states has 

been observed before [Amenomiya, 1976]. Masuda et al. [Masuda et al., 1997a,b)] also 

showed that ammonia desorption during the TPD experiments is balanced by the adsorption 

and desorption equilibrium and that ammonia re-adsorption takes place.  
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Figure 7.3: Temperature programmed desorption of ammonia with heating rate of 5 K/min 

from 373 to 473 K and after 2 hours, 10 K/min from 473 to 673 K (alumina was pre-saturated 

with 1 vol. % NH3/He at 373 K). 
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As already mentioned, two Lewis sites are mainly present on alumina. The weaker 

Lewis-site is attributed to penta-coordinated aluminum atoms (α-type) and the strongest 

Lewis-site to tri-coordinated aluminum atoms (β-site) [Liu and Truitt, 1997; Van Veen et al., 

1989]. The ratio β/α reported by van Veen et al. [Van Veen et al., 1989] is 1.3. A TPD 

experiment is performed in two heating steps as shown in Fig. 7.3 to observe the separate 

peaks of evolved ammonia. A complex TPD spectrum as can be observed here can also be 

obtained from a porous material in a packed bad, including re-adsorption coupled with 

diffusion [Gorte, 1996]. Therefore, the qualitative interpretation should be done with caution. 

Our calculations of dimensionless parameters for a packed bed of Gorte and Demmin [Gorte, 

1982; Demmin and Gorte, 1984], showed that the transport of ammonia is not diffusion 

limited, but controlled by an equilibrium in which re-adsorption takes place. The absence of 

the diffusion limitations indicates that the two separate ammonia peaks observed in the TPD 

spectrum (Fig. 7.3) can be assigned to two acid sites present on the alumina surface (α and β 

sites). The determined ratio of β/α is 1.2, which is in good agreement with the value reported 

by van Veen et al. [Van Veen et al., 1989].  

 To calculate the ammonia surface coverage, the assumption is made that the 

maximum coverage of ammonia (nads,max
chem) is equal to the chemisorbed amount of ammonia 

when the γ-alumina surface is pre-saturated with pure ammonia (pNH3 = 1). Table 7.2 presents 

the amount of desorbed ammonia at pre-saturation of γ-alumina with ammonia (pNH3 is 1 and 

0.01) at 323 - 473 K. The number of ammonia molecules adsorbed on the alumina surface is 

in good agreement with values reported for the amount of Lewis-acidic sites on γ-alumina 

[Amenomiya, 1977; Van Veen et al., 1990]. At low partial pressure of ammonia (pNH3 = 

0.01) the surface coverage is above 90 % of maximum surface coverage for temperatures 

below 423 K. This is due to strong ammonia adsorption on Lewis sites, kads > kdes. With 

higher temperatures less ammonia is chemisorbed and therefore the value for maximum 

surface coverage is lower. Since different adsorption sites are present on γ-alumina nads,max
chem 

is strongly dependent on temperature. At higher temperatures ammonia preferentially adsorbs 

on the stronger acid sites. The nads,max
chem value at 473 K mostly originates from the amount 

of chemisorbed ammonia at strong tri-coordinated aluminum atoms (β-site), because 

ammonia desorbs from the weaker α-site at that temperature as shown in Fig. 7.3.  
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Table 7.2: Amount of ammonia chemisorbed on γ-alumina determined with TPD experiments 

with presaturation  with pNH3 = 1 (nads,max
chem) and pNH3 = 0.01 (nads

 chem,p = 0.01) at 323 - 473 K. 

Temperature 

[K] 

nads,
 chem,p = 0.01 

[mol/kg] 

nads,max
chem 

[mol/kg] 

nads,
 chem,p = 0.01/ nads,max

chem 

[%] 

323  0.45 0.46 98 

373 0.32 0.34 95 

423 0.25 0.27 93 

473 0.17 0.24 71 

 

7.3.3 [13N]NH3 equilibrium pulse experiments 

Figure 7.4 shows a typical PEP-image for a pulse of [13N]NH3 on an ammonia pre-saturated 

γ-alumina in an ammonia/helium flow. This figure shows that in time the labelled ammonia 

moves to positions further in the catalyst bed. After 800 seconds there is no 13NH3 left 

adsorbed on the alumina, which suggests that only reversible adsorption/desorption took 

place. Figure 7.4 also shows that the pulse almost does not broaden while leaving the catalyst 

bed. This supports the assumption that diffusion limitations are negligible as was already 

stated in 7.3.2.   

pulse [13N]NH3 in 14NH3pulse [13N]NH3 in 14NH3

 

Figure 7.4: Pulse of 13NH3 in a 1 vol. % NH3/He-flow on γ-alumina (T = 423 K, Ft = 48 

cm3/min, GHSV = 5600 h-1). Colour intensity represents the concentration of 13NH3. 

 

7.3.4 [13N]NH3 Adsorption Assisted Desorption pulse experiments  

A typical PEP image for the adsorption/desorption of a labelled pulse of ammonia on a γ-

alumina in a helium and ammonia/helium flow is shown in Fig. 7.5. In helium flow, 13NH3 

strongly adsorbs at the beginning of the catalyst bed, because the available amount of the acid 
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sites is much higher than the amount of the pulsed labelled ammonia. 13NH3 remains at the 

same position in the bed due to its very strong adsorption (kads>kdes). In a similar experiment, 

injection of 13NH3 in He flow over a clean γ-alumina surface, it was observed that 13NH3 

stays at the same bed positions for more than 2000 seconds. To observe 13NH3 desorption and 

consequent movement of labelled species through the bed temperatures above 600 K were 

required. Even at these high temperatures the retention times are calculated to be over 200 

minutes. This result is consistent with the IR and TPD results, because 13NH3 adsorbs 

preferentially at the strongest alumina acid sites and will only desorb at relatively high 

temperatures. Thus, this strong adsorption of ammonia at low temperatures indicates that 

ammonia is irreversibly adsorbed on γ-alumina. 

pulse [13N]NH3 in He

addition 14NH3

pulse [13N]NH3 in He

addition 14NH3

 

Figure 7.5: Pulse of 13NH3 in a He-flow on γ-alumina. At t = 400 seconds He-flow is changed 

to 1 vol. % NH3/He-flow (T = 423 K, Ft = 48 cm3/min, GHSV = 5600 h-1). Colour intensity 

represents the concentration of 13NH3. 

 

Figure 7.5 further shows that after changing the flow to 14NH3/He, 13NH3 desorbs 

from γ-alumina and travels as a pulse through the reactor. This indicates that 13NH3 

exchanges rapidly with 14NH3. At first sight, this exchange process is very similar to the 

experiment shown in Fig. 7.4. However, in this case radiolabelled ammonia is not in full 

equilibrium on γ-alumina. After changing He flow to 14NH3/He, the equilibrium is not yet 

reached, ammonia first saturates all the available Lewis sites. The time to saturate the γ-

alumina bed with ammonia, measured with the mass spectrometer at the outlet of the reactor 

is equal to the retention time of radiolabelled ammonia in the catalyst bed. Thus, the 

radiolabelled ammonia moves with the saturation front, where ammonia 

adsorption/desorption is in a kind of quasi equilibrium. Furthermore, as the saturation takes 
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place, the re-adsorption of ammonia is also taking place. We conclude that gas phase 

ammonia clearly facilitates the desorption of 13NH3, 13NH3 remains adsorbed at the same bed 

position without ammonia in the gas phase. This proves that Adsorption Assisted Desorption 

takes place for ammonia desorption from γ-alumina. 

 

7.3.5 Determination of ∆Hads 

Assuming first order desorption of ammonia, the overall desorption rate can be described by: 

 

( ) 1 Eq.                                                                )T(kp1)T(k
dt

d
33

3
NHdesNHads

NH θ⋅−⋅θ−⋅=
θ

where: θNH3 is the surface coverage of ammonia [-], kads(T) is the adsorption rate constant 

[1/(Pa·s)], θ is the surface coverage [-]; pNH3 is the partial pressure of gas phase ammonia 

[Pa], kdes(T) is the desorption rate constant [1/s]. 

 

Regardless of the form of the rate expression, the mean retention time is given by [Ruthven, 

1984; Kärger and Ruthven, 1992]: 
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where: µ is the retention time [s], L the length of the catalyst bed [m], ν the molecular 

velocity [m/s], ε the porosity of the catalyst bed [-], K[T] the dimensionless equilibrium 

constant [-].  

 

Equation 2 is used to calculate the dimensionless equilibrium constant K(T). This equation 

also shows that the retention time is inversely proportional to the flow rate. Table 7.3 

demonstrates that the correlation between the retention time and the flow rate also applies to 

the ammonia adsorption equilibrium on the γ-alumina surface, which proves that ammonia 

adsorption is in equilibrium during our experiments.  

 

The dimensional equilibrium constant Keq (T) in [mol/(kg·Pa)], is calculated from:  

3 Eq.                                                                                           )T(KTR)T(K eqgas ⋅⋅⋅ρ=
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where: ρ is the density [kg/m3], Rgas the gas constant [J/(mol·K)], T the temperature [K]. 

 

Table 7.3: Retention times of [13N]NH3 pulse in a 1.0 vol. % 14NH3/He flow at variable flow 

rates of 48, 96 and 144 cm3/min (STP) at 373 K. 

Flow rate 

 

[cm3/min] 

Flow rate ratio 

 

[%] 

Retention time 

 

µ [s] 

Reciprocal ratio 

retention time 

[%] 

48 100         (48/48) 695 100       (695/695) 

96 50           (48/96) 375 54         (375/695) 

144 33           (48/144) 225 32         (225/695) 

 

The equilibrium constant (Keq) is related to the enthalpy of adsorption and Keq is derived from 

the van’t Hoff equation: 

4 Eq.                                                                                       
TR
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where: ∆Hads is the isobaric adsorption enthalpy [kJ/mol]. 

 

In Fig. 7.6 a plot of ln(Keq) versus 1000/RT is presented with the slope equal to the -

∆Hads. This figure shows that the values of ∆Hads for both types of PEP experiments are 

reasonably similar. The average isobaric enthalpy of adsorption is -11 ± 1 kJ/mol for the 

adsorption of ammonia on γ-alumina. The IR and TPD experiments indicated that the γ-

alumina surface is not homogenous, therefore the calculated ∆Hads is an overall value for 

enthalpy of adsorption. ∆Hads for non adsorption assisted desorption of ammonia is found to 

be over -50 kJ/mol, as presented in Table 7.4. The significant difference in our value of the 

heat of adsorption can be subscribed to the effects of the lateral interactions. The gas phase 

ammonia causes the increase of the surface coverage. The adsorbed ammonia equilibrates 

with the gas phase ammonia. Clearly, in the presence of gas phase ammonia the ∆Hads is 

much lower. Our value is close to the determined ∆Hads by Helminen et al. [Helminen et al., 

2000], however they calculated an isosteric heat of adsorption. 
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Figure 7.6: Determination of enthalpy of adsorption (∆Hads) for ammonia on γ-alumina in the 

temperature range 323 - 473 K. Two types of experiments are used: pulse of [13N]NH3 in 

ammonia/helium flow (dashed line) and pulse of [13N]NH3 in helium flow which then is 

replaced by ammonia/helium flow (solid line). 

 

Table 7.4: Values for Eact,des and ∆Hads of ammonia on γ-alumina. 

Eact,des 

[kJ/mol] 

∆Hads 

[kJ/mol] 

Method Reference 

45*  Flash-desorption Amenomiya et al., 1964. 

 -54* Chemisorption (weight 

measurement) 

Dunken et al., 1966. 

 -50* Volumetric adsorption equilibrium Helminen et al., 2000. 

 -13.1* 

± 0.8 

 

Fit of adsorption isotherm with 

Langmuir-Freundlich-1 (isosteric 

∆Hads) 

Helminen et al., 2000. 

10.0 

± 0.9 

 Fit of adsorption isotherm with 

Dubinin-Astakhov model 

Helminen et al., 2000 

 –11* ± 1 PEP experiments (isobaric ∆Hads) this study 

* The ratio of the number of ammonia molecules per 100 Å  of the catalyst is 0.1, assuming 

the cross sectional area of an ammonia molecule to be 13 Å  (35) or 16 Å  (22). 

2

2 2
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7.4 The AAD model 

The study of adsorption of ammonia on γ-alumina is somewhat complicated, due to 

heterogeneity of the γ-alumina surface. Ammonia is mainly adsorbed at the Lewis sites on γ-

alumina in a relatively wide temperature range, 243 - 673 K. Infrared spectra illustrate that 

ammonia desorbs gradually from γ-alumina, at 573 still ammonia is chemisorbed at a Lewis 

site. In the TPD experiment (Fig. 7.3) clearly at least two states of chemisorbed ammonia are 

observed. One weaker bound, with a desorption maximum of around 470 K, and a stronger 

bound ammonia with a desorption maximum of around 600 K. Injection of 13NH3 in He flow 

over γ-alumina, which means that ammonia preferentially adsorbs at the strongest acid sites, 

showed that temperatures over 600 K were needed for the desorption of ammonia. This is in 

agreement with reported values for ∆Hads [Dunken et al., 1966; Helminen et al., 2000] to be 

around -50 kJ/mol. The PEP pulse experiments have shown that chemisorption of ammonia is 

irreversible at temperatures below 473 K.  

The desorption of ammonia from both Lewis sites is assisted by the presence of gas 

phase ammonia with a corresponding ∆Hads of -11 kJ/mol. With ammonia in the gas phase the 

surface coverage increases with a consequent decrease in heat of adsorption. If lateral 

interactions are involved this affects molecules already present at the surface. We assume that 

in fact physisorbed ammonia facilitates the desorption of chemisorbed ammonia. The 

calculated value of the enthalpy of adsorption (-11 kJ/mol) is similar to a heat of 

vaporization, which is not surprisingly if one thinks that the physisorbed species are involved 

in the process. The adsorption assisted desorption can be described as follows. The 

physisorption of ammonia takes place on irreversibly chemisorbed ammonia and the 

ammonia molecules exchange. Without the presence of physisorbed ammonia chemisorbed 

ammonia does not desorb. The physisorption of ammonia is equilibrated. The exchange of 

physisorbed ammonia with chemisorbed ammonia is much faster than the equilibrium 

constant of the physisorption. A Langmuir type of the physisorption for ammonia is assumed: 

5 Eq.                                                                                                  
 - 1

  pK (phys)
NH

(phys)
NH)phys(

eq

3

3

θ

θ
=⋅  

 

where: Keq
(phys) is the equilibrium constant for ammonia physisorption [1/Pa], pNH3 is the 

partial pressure of ammonia [Pa], θNH3
(phys) is surface coverage of physisorbed ammonia. 
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The equilibrium constant Keq
(phys) [1/Pa], is related to Keq(T), which is calculated (Eq. 3) from 

the retention times: 

Eq.6                                                                                                             
N

)T(K
  K

T

eq)phys(
eq =  

 

where: NT is the number of total adsorption sites, equal to the maximum amount of 

chemisorbed ammonia (nads,max
chem) at the corresponding temperature. 

 

The amount of physisorbed ammonia (nads
phys) during the equilibrium (shown in Figure 7.4) is 

obtained from the PEP pulse experiments and nads
chem from the TPD experiments (shown in 

Fig. 7.2). Consistently, θNH3
(phys) can be calculated from equation 5.  

 

Table 7.5: Determination of surface coverage from ammonia PEP equilibrium experiments. A 

pulse of [13N]NH3  was injected in 14NH3/He flow of 1 vol. %. 

T 

[K] 

Ret. time 

µ  [s] 

Keq(T) 

[⋅10-3mol/kg⋅Pa] 

nads
phys,p = 0.01 

[mol/kg] 

nads
chem,p = 0.01 

[mol/kg] 

nads
phys,p = 0.01/ 

nads
chem,p = 0.01 

323 1000 1.5 0.35 0.45 0.78 

373 695 0.91 0.25 0.32 0.79 

423 520 0.60 0.19 0.25 0.74 

473 400 0.41 0.15 0.17 0.89 

 

Table 7.5 shows the resulting values for experiments performed with 1 vol. % of ammonia: 

Keq(T), nads
chem,p=0.01, nads

phys,p=0.01 and the ratio nads
phys,p=0.01/nads

chem,p=0.01. As expected Keq 

decreases with increasing temperature. The ratio nads
phys,p=0.01/nads

chem,p=0.01 is close to unity for 

all temperatures. For example, the value of 0.79 for nads
phys,p=0.01/nads

chem,p=0.01at 373 K means 

that on average almost one molecule of ammonia is physisorbed on one molecule of 

chemisorbed ammonia.  

Table 7.6 shows the values of Keq(T), nads
chem,p=0.01, nads

phys,p=0.01 and 

nads
phys,p=0.01/nads

chem,p=0.01 obtained from the AAD pulse experiments (Fig. 7.5). The retention 

times are obviously somewhat higher than for experiments carried out on a pre-saturated γ-

alumina surface (Table 7.5). The calculated nads
phys is almost equal to the values from the 

[13N]NH3 pulse experiments in NH3/He flow. This also means that the ammonia adsorption 
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equilibrium is reached very fast and that the transport of ammonia is controlled by the re-

adsorption.  

 

Table 7.6: Determination of surface coverage from AAD experiments. A pulse of [13N]NH3 

was injected in helium flow, then helium flow was replaced by a 14NH3/He flow of 1 vol. %. 

T  

[K] 

Ret. time 

µ  [s] 

Keq (T) 

[⋅10-3mol/kg⋅Pa] 

nads
phys,p = 0.01 

[mol/kg] 

nads
chem,p = 0.01 

[mol/kg] 

nads
phys,p = 0.01/ 

nads
chem,p = 0.01 

323 1250 1.9 0.37 0.45 0.82 

373 825 1.1 0.26 0.32 0.81 

423 585 0.68 0.19 0.25 0.77 

473 465 0.48 0.16 0.17 0.94 

 

7.5 Conclusion 

In this study three techniques were used, (IR, TPD and PEP) to characterise adsorption of 

ammonia on γ-alumina. Infrared spectroscopy showed that ammonia adsorbs mostly on the 

Lewis acid sites of γ-alumina. A broad desorption peak of ammonia observed in the 

temperature programmed desorption experiment indicated that ammonia adsorbs on several γ-

alumina sites. Two major adsorption sites for ammonia were distinguished in a stepped TPD 

experiment. The ratio of both peaks determined from the peak areas is calculated to be 1.2. 

The total amount of chemisorbed ammonia was 0.46 mol/kg at 323 K. These results are 

comparable with values found in literature and with the fact that on γ-alumina two Lewis sites 

are mainly present: penta-coordinated aluminum atoms (α-type) and the tri-coordinated 

aluminum atoms (β-site) [Amenomiya, 1977; Van Veen et al., 1989, 1990].  

Radiolabelled experiments, which involved the 13NH3/14NH3 exchange reaction on γ-

alumina, showed that adsorption assisted desorption of ammonia takes place on γ-alumina. 

The positron emission profiling proved to be a very useful technique to visualise this AAD 

phenomenon. We observed that a 13NH3 pulse adsorbs irreversibly on γ-alumina in a He flow 

and only desorbs in the presence of ammonia in the gas phase. Further, we assumed that 

ammonia physisorbs on chemisorbed ammonia and that they exchange. In fact, the exchange 

between physi- and chemisorbed ammonia is much faster than the physisorption equilibrium. 

As a result the presence of physisorbed ammonia strongly affects the desorption of 

chemisorbed ammonia and ∆Hads of chemisorbed ammonia on γ-alumina is lowered. The PEP 

technique allowed us to measure the heat of adsorption of ammonia on γ-alumina during the 
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ammonia equilibrium. The overall isobaric heat of adsorption is calculated to be -11 kJ/mol ± 

1 kJ/mol in the temperature range of 323 - 473 K.  
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SUMMARY 
 

 

The main objective of this research is to study the mechanism of the catalytic ammonia 

oxidation on platinum at low temperatures, atmospheric pressure and plug flow conditions. A 

short literature review on the ammonia oxidation over platinum catalysts is given in chapter 

1. The need for purification of ammonia slip streams from industrial processes, like the 

selective catalytic reduction and soda process, was an impulse to start efforts to convert 

ammonia into harmless products. Emissions of ammonia are well known sources of pollution 

of soil, water and air. Platinum based catalysts are promising in the conversion of gaseous 

ammonia to harmless N2 and H2O at relatively low temperatures. They have a high activity 

and selectivity for N2 formation, however, the most important drawback of platinum based 

catalysts is their fast deactivation, which is discussed in chapters 5 and 6. A suitable 

technique to study in situ transient and steady state phenomena is Positron Emission Profiling 

(PEP), which is applied in this study. In chapter 1 the background and the major applications 

of this technique are described.  

To apply PEP in this catalytic study, first production methods for positron-emitter-

labelled [13N]NH3 and [15O]O2 are developed (chapter 2 and 3). The aim was realised, to 

produce gaseous [13N]NH3 and [15O]O2, which can be injected in small quantities into the 

reaction flow. These [13N]NH3 and [15O]O2 pulses have a high chemical and radionuclidic 

purity and sufficient specific radioactivity to be applied in the PEP studies. The production of 

these radioactive pulses is reproducible, fast, simple to operate and can be repeated batch-

wise, the [13N]NH3 pulses every 20 minutes and the [15O]O2 pulses every 2 minutes. 13N is 

formed via the irradiation of water with 16 MeV protons (500 nA). To facilitate smooth 

evolution of gaseous [13N]NH3 from the irradiated water, the DeVarda’s alloy method was 

adjusted. Pre-treatment of DeVarda’s alloy with water improved the manageability and 

reproducibility of the [13N]NH3 pulses and also the concentration of the labelled ammonia in 

the pulses. The method prevents adequately contamination from other radionuclides formed, 

in particular 18F. Chemical purity is achieved by a simple GC purification step, easily 

separating ammonia from air, hydrogen and water. The [15O]O2 pulses have been produced 

using the 14N(d,n)15O and 16O(p,pn)15O reaction. Both methods are based on the irradiation of 

a gaseous target, nitrogen or oxygen. The radiolabelled by-products of the irradiations are 

short living isotopes: 13N, 17F and 18F (16O(p,pn)15O method) and 13N, 16N and 11C 

(14N(d,n)15O method). Chemical and radionuclidic purity is achieved by application of 
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charcoal and sodalime absorbers and oxygen separation in a Molsieve column. The 
14N(d,n)15O method produces carrier-free [15O]O2 pulses with a relatively higher specific 

activity. The specific activity of the 16O(p,pn)15O production method is much lower due to 
16O-oxygen carrier gas. 

Chapter 4 elaborates on the first elementary steps in the low temperature ammonia 

oxidation, adsorption of ammonia and oxygen on platinum. The PEP experiments have 

shown that dissociation of ammonia on platinum is not favourable and that the interaction of 

ammonia with platinum is weak. Oxygen strongly adsorbs on platinum and immediately 

dissociates. This study, performed at atmospheric pressure conditions over pure platinum 

sponge, confirms UHV and theoretical studies by showing that ammonia dissociation on 

platinum is activated by the presence of oxygen at the surface.  

 

Adsorption of NH3 on Ptreduced   weak molecular adsorption 

Adsorption of NH3 on Pt-O     strong dissociative adsorption 

 

The PEP experiments have elegantly shown that platinum pre-covered with oxygen initiates 

the ammonia dissociation partly leading to the gaseous products. Below 423 K mainly 

nitrogen and a small amount of N2O is formed and above 423 K the product selectivity is 

changed and also NO is formed. The TPD and TPO experiments together with the reaction 

experiments with hydrogen, ammonia and nitric oxide indicated that a part of [13N]NH3, 

which remained at the surface, was mainly NHx.  

The ammonia oxidation experiments showed the fast deactivation of the platinum 

sponge catalyst below 400 K (chapter 5). The XPS and temperature programmed experiments 

showed that NH2(a) and NH(a) are poisoning the catalyst. The main reason for the deactivation 

of the platinum catalyst is the fact that the NHx(a) + OH(a) reaction is much slower than 

formation of water via hydroxyls. In this way the NHx species (NH and NH2) remain 

unreactive at the surface and they block the active sites. The oxygen species do not poison the 

catalyst, unless oxygen is pre-adsorbed at platinum. The pre-oxidised platinum sponge 

deactivates faster than the platinum sponge due to surface poisoning caused partly by the 

nitrogen species and partly by unreactive oxygen. The nitrogen formation proceeds via the 

recombination of atomic nitrogen and not via the NO(a) intermediate. Low surface coverage 

does not favour the NO(a) formation and below 400 K the dissociation of NO is prohibited. 

The intermediate NO(a) seems to be mainly involved in the formation of N2O, which occurs at 

high surface coverage, when the catalyst deactivates. Above 400 K nitrogen and water are 
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formed and the catalyst maintains its high initial activity. The NO pulse experiments indicate 

that small quantities of NO can be selectively converted to nitrogen. Also N2O decomposes to 

nitrogen, which explains the high selectivity towards nitrogen. However, the reaction route 

for the nitrogen formation, above 400 K, is still unclear.  

Ammonia oxidation over Pt/γ-alumina catalyst showed similar features compared to 

the platinum sponge. Below 400 K Pt/γ-alumina showed almost no catalytic activity. The pre-

treatment of Pt/γ-alumina with oxygen lowers initial TOF, the adsorbed oxygen accelerates 

deactivation of the catalyst. During the ammonia oxidation the NHx(a) species remain 

adsorbed at the platinum sites and thus they also deactivate the catalyst. The use of the γ-

alumina support has the disadvantage that ammonia strongly adsorbs on alumina. This means 

that while the ammonia saturates the alumina sites, oxygen adsorbs on (deactivates) the 

platinum sites and the initial reaction proceeds in an oxygen-rich environment. The oxygen 

spillover to the alumina is insignificant. Above 400 K Pt/γ-alumina showed much higher 

initial activity. However, below 520 K the catalyst still deactivates. In this temperature region 

(400 - 520 K) mainly the oxide formation causes the deactivation of the catalyst. The oxide 

formation takes place during the reaction, as the pre-oxidised catalyst showed similar 

catalytic behaviour. Above 520 K the catalyst is stable and active. 

In chapter 7, the strong interaction of ammonia with γ-alumina is studied. In 

accordance with the literature, it is shown with infrared and TPD experiments that ammonia 

chemisorbs on two Lewis acid sites of γ-alumina. Radiolabelled experiments, which involved 

the 13NH3/14NH3 exchange reaction on γ-alumina, showed that adsorption assisted desorption 

of chemisorbed ammonia takes place. Physisorbed ammonia strongly affects the desorption 

of chemisorbed ammonia and ∆Hads of chemisorbed ammonia on γ-alumina is lowered. The 

PEP technique allowed us to measure in situ the heat of adsorption of ammonia on γ-alumina 

during the ammonia equilibrium. The overall isobaric heat of adsorption is calculated to be    

-11 kJ/mol ± 1 kJ/mol in the temperature range of 323 - 473 K.  
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De doelstelling van dit onderzoek is om het reactiemechanisme van katalytische omzetting 

van ammoniak op platina te bestuderen bij bepaalde reactiecondities: lage temperaturen, 

atmosferische druk en constante stroom. Een kort literatuur overzicht van ammoniak oxidatie 

over platina katalysatoren is gegeven in hoofdstuk 1. De aanzet om ammoniak om te zetten 

naar milieuvriendelijke producten, stikstof en water, kwam uit de noodzaak om industriële 

afvalstromen van ammoniak te zuiveren. De emissies van ammoniak leiden namelijk tot 

lucht, water en bodemverontreinigingen. Op platina gebaseerde katalysatoren geven goede 

perspectieven om bij lage temperaturen ammoniak naar stikstof en water om te zetten. Deze 

katalysatoren hebben een hoge activiteit en zijn stikstof selectief, hoewel ze vrij snel 

deactiveren. Dit is beschreven in de hoofdstukken 5 en 6. Een geschikte techniek om de 

werking van de katalysatoren te bestuderen tijdens het reactieverloop is Positron Emissie 

Profilering (PEP), welke gebruikt is in dit onderzoek. In hoofdstuk 1 zijn de achtergronden en 

de toepassingen van deze techniek beschreven. 

Voordat PEP gebruikt kon worden in het katalytisch onderzoek, moesten eerst de 

productiemethoden worden ontwikkeld om radioactief ammoniak en zuurstof te produceren 

(hoofdstuk 2 en 3). Deze doelstelling is bereikt: gasvormige pulsen van  [13N]NH3 en [15O]O2 

konden in kleine hoeveelheden worden geïnjecteerd in de reactiestromen. Deze radioactieve 

ammoniak en zuurstof hebben een hoge chemische en radionuclidische zuiverheid en een 

relatief hoge specifieke activiteit, zodat ze toegepast konden worden in de PEP studies. De 

productie van deze radioactieve pulsen is gemakkelijk, snel en goed reproduceerbaar. 

Bovendien kunnen de pulsen elke 20 minuten herhaald worden voor [13N]NH3 en elke 2 

minuten voor [15O]O2. 13N wordt gevormd door de bestraling van water met 16 MeV 

protonen (500 nA). Om de productie van radioactief ammoniak te vergemakkelijken is de 

methode van DeVarda aangepast. Voorbewerking van de DeVarda’s legering met water 

verbeterde de handelingswijze en reproduceerbaarheid en verhoogde de concentratie van de 

gemaakte [13N]NH3 pulsen. Met deze methode worden de radioactieve bijproducten, met 

name 18F, afgescheiden. Chemisch zuiver ammoniak, gescheiden van lucht, waterstof en 

water, is verkregen met een gas chromatografische kolom. De [15O]O2 pulsen zijn gemaakt 

via de 14N(d,n)15O en 16O(p,pn)15O reacties. In beide gevallen, wordt een gas target, 

respectievelijk stikstof en zuurstof, bestraald. De radioactieve verontreinigingen die ontstaan 

bij deze methoden zijn kortlevende isotopen: 13N, 17F en 18F bij de 16O(p,pn)15O methode en 
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13N, 16N en 11C bij de 14N(d,n)15O methode. Chemische en radionuclidische zuiverheid is 

verkregen door de toepassing van absorbers (charcoal en sodalime) en een afscheiding van de 

producten met een chromatografische Molsieve kolom. De 14N(d,n)15O methode maakt 

drager-vrije [15O]O2 pulsen met een relatief hogere specifieke activiteit. De specifieke 

activiteit van de 16O(p,pn)15O methode is veel lager,  omdat een 16O-drager gebruikt is. 

 Hoofdstuk 4 behandelt de eerste elementaire reactiestappen van ammoniak oxidatie: 

adsorptie van ammoniak en zuurstof op platina. De PEP experimenten hebben laten zien dat 

de dissociatie van ammoniak op platina niet gunstig is en dat de interactie van ammoniak met 

platina zwak is. Zuurstof adsorbeert sterk op platina en dissocieert onmiddelijk. Het resultaat 

dat zuurstof de dissociatie van ammoniak op platina activeert, komt overeen met de 

theoretische studies en met de experimenten die uitgevoerd werden bij hoog vacuum. 

  

Adsorptie van NH3 op Ptgereduceerd   zwakke moleculaire adsorptie 

Adsorptie van NH3 op Pt-O     sterke dissociatieve adsorptie 

 

De PEP experimenten toonden aan dat platina met daarop geadsorbeerd zuurstof de 

dissociatie van ammoniak initieert, wat leidt tot gasvormige producten. Onder 323 K wordt 

voornamelijk N2 gevormd, naast kleine hoeveelheden N2O. De resultaten van TPD, TPO en 

de reactie-experimenten met waterstof, ammoniak en stikstof oxide duiden op geadsorbeerd 

[13N]NH3 op het oppervlak, in de vorm van NHx. 

Het is gebleken dat gedurende de ammoniak oxidatie, onder 400 K, de sponsachtige 

platina katalysator snel deactiveerde (hoofdstuk 5). De XPS en de temperatuur 

geprogrammeerde experimenten bewezen dat NH2 en NH het oppervlak vergiftigden. De 

hoofdoorzaak van de snelle deactivering is het feit dat de snelheid van de NHx en OH reactie 

veel langzamer is dan de productie van water uit hydroxyl groepen. Op die manier blijven 

NHx moleculen ongereageerd op het oppervlak en tegelijkertijd blokkeren ze de actieve 

reactie plaatsen. De zuurstof moleculen vergiftigen het platina oppervlak niet, tenzij de 

zuurstof vooraf werd geadsorbeerd. Voor-geoxideerde platina spons deactiveert veel sneller 

dan de platina spons. Dit wordt gedeeltelijk door stikstof verbindingen en gedeeltelijk door 

niet reactieve zuurstof veroorzaakt. Stikstof wordt gevormd via recombinatie van atomair 

stikstof en niet via een NO intermediair. Een lage bezettingsgraad is niet gunstig voor NO 

vorming en onder 400 K dissocieert het NO niet. NO is als intermediair voornamelijk 

betrokken bij de vorming van N2O, wat enkel gebeurt bij een hoge bezettingsgraad, dus op 

het moment dat de katalysator gedeactiveerd is. Boven 400 K zijn stikstof en water de enige 
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producten en blijft de katalysator zijn hoge initiële activiteit behouden. De NO-puls 

experimenten bewezen dat kleine hoeveelheden van NO selectief omgezet zijn naar stikstof. 

Bovendien, bij deze hogere temperaturen ontleedt N2O naar stikstof, wat de hoge selectiviteit 

naar stikstof verklaart. Het reactiemechanisme voor de stikstof vorming is echter hiermee niet 

verklaard voor temperaturen boven 400 K. 

Ammoniak oxidatie met een Pt/γ-alumina katalysator gaf vergelijkbare resultaten als 

die met een platina spons katalysator. Onder 400 K was Pt/γ-alumina niet katalytisch actief. 

Voor-oxideren van de katalysator leidde tot verlaging van de initiële activiteit. Voor-

geadsorbeerde zuurstof versnelde bovendien de deactivering van de katalysator. Gedurende 

de ammoniak oxidatie blijven de NHx verbindingen (voornamelijk NH and NH2) op het 

oppervlak geadsorbeerd en veroorzaken ze de deactivering van de katalysator. Het gebruik 

van een alumina drager heeft een bijkomend nadeel: ammoniak adsorbeert sterk op de zure 

alumina plaatsen. Dit betekent dat op het moment dat ammoniak de alumina drager verzadigt, 

zuurstof adsorbeert op (deactiveert) de platina sites. Dit heeft tot gevolg dat de reactie initieel 

onder zuurstofrijke omstandigheden plaatsvindt. De zuurstof spillover van platina naar 

alumina is hier niet van belang. Boven 400 K is de Pt/γ-alumina katalysator initieel veel 

actiever. Echter, onder 520 K blijft deze katalysator deactiveren. Tussen 400 - 520 K 

veroorzaakt voornamelijk oxide vorming de deactivering van de katalysator. Deze oxide 

vorming vindt plaats tijdens de reactie, omdat de voor-geoxideerde katalysator identieke 

katalytisch gedrag vertoont. Boven 520 K is de katalysator actief en stabiel.  

In hoofdstuk 7 wordt het onderzoek van de sterke interactie van ammoniak met γ-

alumina beschreven. In overeenstemming met de literatuur hebben de infrarood en TPD 

experimenten laten zien dat ammoniak chemisorbeert op twee soorten Lewis sites. 

Radioactieve uitwisselingsexperimenten, tussen 13NH3/14NH3, hebben een bewijs geleverd dat 

desorptie van chemisch geadsorbeerd ammoniak wordt geassisteerd door de adsorptie van 

ammoniak. Fysisch geadsorbeerde ammoniak beïnvloedt sterk de desorptie van chemisch 

geadsorbeerd ammoniak. Hierdoor wordt de ∆Hads van gechemisorbeerd ammoniak verlaagd. 

Met behulp van PEP werd die adsorptie warmte gemeten onder evenwichtscondities. De 

gemiddelde isobarische adsorptie warmte is -11 kJ/mol ± 1 kJ/mol tussen 323 - 473 K.  
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