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Abstract 

Thermal ageing of the commercial selective catalytic reduction catalysts used in Scania’s 

trucks was investigated using catalyst characterization techniques. Catalyst samples 

were oven-aged at 550 °C for up to 990 hours and investigated with nitrogen adsorption, 

oxygen chemisorption, X-ray fluorescence, X-ray diffraction, X-ray photoelectron 

spectroscopy and temperature-programmed desorption of ammonia. The two latter 

methods are new to Scania and were evaluated in depth. Furthermore, field-aged 

samples, which had had their catalytic performance tested in another study, were 

investigated, in an attempt to find some link between characterization results and 

catalytic activity. The investigation of oven-aged samples yielded information about the 

timescales of carrier sintering and sintering of catalytically active material, showing the 

former to be much slower than the latter. It was also noted that the rate with which the 

catalyst’s ability to store ammonia decreases during thermal ageing was similar to the 

rate of sintering of catalytically active material, suggesting that the loss of ammonia 

storage capability due to thermal ageing is related to sintering of the catalytically active 

material. X-ray photoelectron spectroscopy revealed that the fraction of vanadium in the 

outermost surface layer of the catalysts had increased during ageing. At the same time, 

this characterization technique appeared to have a low repeatability, possibly due to the 

investigated catalyst having a high surface inhomogeneity. Whether or not 500 ppm of 

NOx was present in the ageing atmosphere did not appear to affect the deactivation of 

the catalyst. Finally, no clear link could be found between characterization results and 

catalytic activity for field-aged samples. 

  



Sammanfattning 

Materialkarakteriseringsmetoder användes för att studera termisk åldring av de 

kommersiella katalysatorer som används för selektiv katalytisk reduktion av 

kväveoxider i Scanias lastbilar. Katalysatorprover åldrades vid 550 °C upp till 990 

timmar och undersöktes med kväveadsorption, syrekemisorption, röntgenfluorescens, 

röntgendiffraktion, röntgenfotoelektronspektroskopi och temperaturprogrammerad 

desorption av ammoniak. De två sista metoderna undersöktes ingående då de är nya för 

Scania. Vidare undersöktes fältåldrade prover, som hade prestandatestats i en annan 

studie, i ett försök att koppla resultat av materialkarakterisering till katalytisk aktivitet. 

Studierna av ugnsåldrade prover gav information om tidsskalorna för sintring av 

bärarmaterialet och sintring av det katalytiskt aktiva materialet, där det visade sig att 

sintring av bärarmaterialet är betydligt långsammare än sintring av det katalytiskt 

aktiva materialet. Katalysatorns förmåga att lagra ammoniak minskade under termisk 

åldring med en hastighet som liknade den för sintring av katalytiskt aktivt material, 

vilket kan tyda på att den observerade förlusten av ammoniaklagringsförmåga är 

kopplad till sintring av katalytiskt aktivt material. Röntgenfotoelektronspektroskopi 

avslöjade att halten vanadin i katalysatorns yttersta ytlager hade ökat under åldringen. 

Samtidigt visade sig denna karakteriseringsmetod ha låg repeterbarhet, vilket indikerar 

att den undersökta katalysatorn har hög inhomogenitet i ytan. Huruvida 

åldringsatmosfären innehöll NOx (500 ppm) eller inte verkade inte ha någon betydelse 

för deaktiveringen av katalysatorn. Ingen koppling kunde hittas mellan resultat av 

materialkarakterisering och katalytisk prestanda för fältåldrade prover. 
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1 Introduction 

As emission legislation grows increasingly more stringent, suppliers of vehicles need to 

focus a considerable amount of attention on strategies to reduce the emissions from 

their vehicles. This can pose a difficult challenge, which is further complicated by 

customer demands to increase the fuel efficiency and switch to renewable fuels. Because 

of this and because the equipment needed to comply with emission regulations is 

relatively expensive, a deeper understanding of the processes involved in emission 

abatement is highly desirable. 

A common strategy to reduce emissions is an aftertreatment system with catalysts. To 

reduce the emission of nitrogen oxides, selective catalytic reduction (SCR) catalysts are 

commonly used. The focus in this study was on these catalysts. An important concern 

with the use of SCR catalysts is that they will be deactivated over time as they are used. 

This may lead to a decreased performance and, therefore, to higher emissions. Reasons 

for catalyst deactivation include the high temperatures in the aftertreatment system 

(thermal deactivation) and the presence of impurities in the feed stream to the catalyst 

(chemical deactivation). An understanding of the different degradation processes and 

their timescales is important in order to estimate the lifetime of the catalysts, in the 

design of both the entire aftertreatment system and the catalysts themselves, and finally 

in the choice of operating conditions – in the aftertreatment system as well as in the 

engine. 

Material characterization techniques can serve as powerful tools to study catalyst 

deactivation. They can be used in fundamental studies aiming to deepen the 

understanding of the mechanisms involved in catalyst deactivation, as well as in 

diagnostics and benchmarking efforts. Thus, material characterization experiments may 

serve as a complement to engine cell performance testing experiments. 
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2 Objective 

The aim of the present work was to gain insights into the mechanisms of thermal 

deactivation of commercial SCR catalysts. To do this, several material characterization 

techniques were used, two of which were new to Scania. Apart from learning about 

deactivation mechanisms, the different characterization techniques were evaluated and 

it was investigated whether the results of material characterization experiments could 

be tied to catalytic activity. 
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3 Background 

The two major pollutants from diesel engines are nitrogen oxides (NOx) and particulate 

matter (PM). To some extent, the engine can be tuned to reduce the production of one of 

these pollutants at the expense of higher emissions of the other, for which 

aftertreatment equipment will then be needed to comply with stringent emission 

legislation. Today, the engine is typically tuned to reduce the production of PM, while 

aftertreatment equipment – mainly catalysts, in combination with exhaust gas recycling 

– is used to reduce emissions of NOx. In the newest trucks, diesel particulate filters 

(DPFs) will be needed, as well, to trap and reduce emissions of PM to comply with future 

legislation (Euro 6) (Heck, Farrauto and Gulati, 2009). This work focused on the catalysts used to 

reduce NOx emissions. 

To achieve high fuel efficiency, diesel engines are run in lean mode, or in other words, 

with a high excess of oxygen. For this reason, three way catalysts, which are used in 

automobiles to reduce NOx emissions (as well as emissions of CO and hydrocarbons), 

cannot be used, as they require an air to fuel ratio close to stoichiometry. Instead, 

selective catalytic reduction (SCR) catalysts are used (Heck, Farrauto and Gulati, 2009). 

A sketch of the aftertreatment system used for Scania’s Euro 6 engines is shown in 

Figure 1. The first step is a diesel oxidation catalyst (DOC). This catalyst oxidizes CO and 

unburned hydrocarbons. It also oxidizes some NO into NO2. Further downstream is the 

DPF, which is used to capture particulates in the exhaust stream. As the amount of 

particulates in the filter increases, the pressure drop over the filter will increase, and 

thus the filter needs to be regenerated regularly. This can either be achieved by active or 

passive regeneration. When using active regeneration, the temperature of the gas 

entering the filter is increased in some way, leading to combustion of the combustible 

part of the particles trapped in the filter. The momentarily increased exhaust 

temperature during regeneration of the DPF may impact the ageing of catalysts in the 

system. This problem is avoided when using passive regeneration, a technique of 

continuous regeneration during normal operation, which is achieved by increasing the 

concentration of NO2, a much stronger oxidant than O2, in the gas phase entering the 

DPF, thus removing the need of increased temperatures for filter regeneration (Walker, 

2004). Increasing the NO2 concentration for passive DPF regeneration is one of the 

reasons for including a DOC in the system. After the DPF, there is an injection of Adblue 

solution which generates ammonia, an important reactant in the SCR reaction, and the 

exhaust is led to the dual SCR catalysts where the NOx reduction reactions take place. To 

avoid emissions of ammonia, an ammonia slip catalyst (ASC) is used at the tail end of the 

aftertreatment system to oxidize excess NH3 to N2 and H2O. 

This work focused on thermal ageing of SCR catalysts and different characterization 

techniques that can be used to investigate aged catalysts. Therefore, the rest of this 

background section will describe the theory behind SCR catalysts and reactions as well 

as catalyst ageing. Furthermore, the different characterization techniques that were 

used in the study will be described in some detail. 
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Figure 1: A sketch of the engine and aftertreatment system for Scania's Euro 6 heavy duty trucks (Green Car 
Congress, 2011). 

3.1 Selective catalytic reduction 

Selective catalytic reduction of NOx is the catalysed reaction of nitrogen oxides with 

ammonia. Ammonia is oxidized to N2 while NO and NO2 is reduced to N2. Aside from N2, 

H2O is formed. The main SCR reaction can be described by the following reaction 

formula (Koebel, Elsener and Kleemann, 2000): 

                      

When both NO2 and NO are present, the following reaction may take place to some 

degree (Koebel, Elsener and Kleemann, 2000): 

                       

The above reaction is faster than the main, NO only, SCR reaction, and is often referred 

to as the fast SCR reaction. One advantage of having a DOC upstream of the SCR catalysts 

in an aftertreatment system is that in the DOC, some NO is turned into NO2. If the 

amount of NO2 is increased, the fast SCR reaction will take place to a higher degree, 

leading to an increased reaction rate. However, if the NO2 to NO ratio is too high, the SCR 

reaction will be slowed down, as some of it will take place through the following, slow 

reaction (Koebel, Elsener and Kleemann, 2000): 

          
 

 
        

This reaction is slower than the main, NO only, SCR reaction and is often referred to as 

the slow SCR reaction. The highest rates of the SCR reactions are achieved when the inlet 

gas stream contains equal concentrations of NO2 and NO. 

Unwanted reactions include the formation of dinitrogen oxide (laughing gas) at high 

temperatures, for example by the following reaction (Koebel, Elsener and Kleemann, 

2000): 
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and the oxidation of SO2 to SO3, which may occur if a fuel containing high levels of 

sulphur is used. SO3 can form sulphuric acid, which may cause heavy corrosion. 

Furthermore, SO3 may react with excess NH3 to form (NH4)2SO4 and NH4HSO4, which 

may deposit on and foul the equipment. The reaction formulae of these problematic 

reactions are shown below (Heck, Farrauto and Gulati, 2009): 

             

              

                    

             (   )     

Due to its toxicity, ammonia is not a desirable compound on board vehicles. Instead, 

urea is used as an ammonia precursor. Urea is turned into ammonia by the following 

reactions: 

  (   )           

                 

Due to the lack of space in a mobile SCR system, there will only be a short distance 

between the urea injection point and the catalyst entrance. Therefore, as is shown in 

Figure 2, these reactions will not reach full conversion before entering the SCR catalyst. 

Thus, the release of ammonia in the SCR catalyst will be delayed, even though the 

reactions readily take place in the presence of the solid catalyst phase. This affects the 

performance of the catalyst negatively (Koebel, Elsener and Kleemann, 2000). 

Furthermore, instead of being converted into ammonia and carbon dioxide, the 

intermediate isocyanic acid may undergo undesirable side reactions, leading to deposit 

formation (Fang and DaCosta, 2003). Urea is introduced into the system in the form of 

Adblue, a commercial aqueous mixture containing 32.5 % by mass of urea. This mixture 

freezes at -11 °C, which can cause problems in cold climates. The use of solid urea has 

been proposed instead, but the introduction of solid urea into the exhaust gas stream 

poses technical problems and requires expensive components (Koebel, Elsener and 

Kleemann, 2000). 
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Figure 2: Experimental results showing the relative compositions of urea, HNCO and NH3 in the reactant 
stream at the catalyst entrance at various temperatures. The experiments were carried out in an SCR system 
where the residence time of the distance between the urea injection point and the catalyst entrance was 0.09 
s at 440 °C (Koebel, Elsener and Kleemann, 2000). 

3.1.1 SCR catalyst materials 

For the first observed SCR reaction, a Pt-based catalyst was used. However, due to the 

poor high temperature performance of these catalysts, they were not suitable for 

practical applications. With the advent of V2O5/Al2O3-based SCR catalysts, which had 

better high-temperature performance than Pt-based catalysts, SCR became important 

for NOx abatement at stationary power plants in Japan, during the 1970s. However, this 

type of catalyst is very sensitive to sulphur, as the alumina reacts with SO3, forming 

Al2(SO4)3, which deactivates the catalyst. For this reason, SCR could only be used to clean 

sulphur-free exhaust gases, until sulphur-tolerant V2O5/TiO2 catalysts were developed 

(Heck, Farrauto and Gulati, 2009). While SO2 may be oxidized and deposited as 

ammonium sulphates on V2O5/TiO2 catalysts, they may also, in some situations, actually 

increase the catalyst performance as they may form surface sulphates which increase 

the acidity of the catalysts, thereby enhancing the adsorption of ammonia (Khodayari 

and Odenbrand, 2001), (Chen and Yang, 1990). In V2O5/TiO2 catalysts, vanadium oxide 

is the active material and the titania carrier is in the form of high surface area anatase. 
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An important step in the evolution of commercial SCR catalysts was the addition of high 

amounts of tungsten oxides to V2O5/TiO2 catalysts, giving the V2O5/WO3/TiO2 catalyst 

(Tuenter, van Leeuwen and Snepvangers, 1986). Most commercial SCR catalysts today 

contain around 1 % of vanadium oxide and around 10 % of tungsten oxide (Busca et al., 

1998). Advantages of V2O5/WO3/TiO2 catalysts compared with V2O5/TiO2 catalysts are 

higher activity and a wider temperature window, significantly higher poisoning 

resistance towards alkali metal oxides and arseneous oxide (As2O3) and lower activity of 

NH3 and SO2 oxidation reactions. Furthermore, the inclusion of tungsten oxide increases 

both the strength and the number of acid sites on the surface (Chen and Yang, 1992). 

Zeolite-based SCR catalysts have also been developed. These catalysts have better high-

temperature performance than vanadia-based catalysts (Heck, Farrauto and Gulati, 

2009), making them suitable in aftertreatment systems employing active DPF 

regeneration as very high temperatures can be reached in these systems. However, their 

sulphur tolerance is much lower than that of V2O5/TiO2-based catalysts (Girard et al., 

2008), which are therefore the preferred equipment in markets where fuel containing 

high concentrations of sulphur is used. Zeolite-based SCR catalysts are also widely used 

in markets where the use of vanadia-based catalysts is prohibited due to the possibility 

of V2O5 emissions. 

3.1.2 Properties of the catalyst used in this study 

The catalyst investigated in this study was a commercial V2O5-based SCR catalyst. It is 

comprised of a corrugated titanium oxide (anatase) carrier impregnated with WO3 and 

V2O5. The carrier is reinforced by a silica-containing fibre matrix. The shape of the 

channels in the catalyst monolith is shown in Figure 3. 

 

Figure 3: Picture of the shape of the monolith in the investigated catalyst (Benson et al., 2005). 

Measurements commissioned by Scania have shown that, axially, there is a gradient in 

vanadium content, with a much lower vanadium content at the inlet and higher 

vanadium content at the outlet. For this reason, analysis results for samples taken from 
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different part of the catalysts may not be comparable, which complicates 

characterization efforts. 

3.1.3 Mechanism of the SCR reaction 

The first step of the SCR reaction on vanadia-based catalysts is the adsorption of 

ammonia on active surface sites. There is some disagreement on the nature of the 

adsorption sites. It is thought that ammonia may adsorb on both Lewis acid vanadium 

sites and Brønsted acid vanadium sites, but there is some disagreement about which of 

these types of sites ammonia must adsorb on for the reaction to occur. One study 

indicated that for the reaction to occur, ammonia adsorbs on Lewis acid sites (Ramis et 

al., 1990), forming an activated amino species. This species, in turn, reacts with gas 

phase, or weakly surface bound, NO to form N2 and H2O. At the same time the active 

vanadia site is reduced. The catalytic cycle is completed by reoxidation of the active site. 

A schematic of this mechanism is shown in Figure 4. 

In another mechanism, proposed by Topsøe (Topsøe, 1994), it is stated that while 

ammonia may adsorb on both Lewis and Brønsted acid sites, the reaction only takes 

place after adsorption on a surface Brønsted acid site. An adjacent Lewis acid site, in 

turn, activates the adsorbed ammonia and is in turned reduced, itself. The activated 

ammonia species react with gas phase, or weakly surface bound, NO, forming an 

intermediate which reacts to form N2 and H2O. The catalytic cycle is completed by 

reoxidation of the Lewis acid vanadium site. The mechanism is shown schematically in 

Figure 5. This mechanism is supported by some of the studies discussed in section 4.3.6, 

which indicate that the SCR activity of catalysts is related to their Brønsted acidity. 

Aside from vanadium sites, there is also experimental evidence (Lietti et al., 1998) that 

NH3 may adsorb on tungsten species and even on the titania support itself. While 

adsorbed on these sites, NH3 will not take part in the SCR reaction. However, these NH3 

species may migrate to vanadia sites that are active in the reaction. Through this 

mechanism, some NH3 may be stored on the non-active sites; this means that the SCR 

reaction will proceed for a time if the NH3 supply is suddenly cut off. 

One mechanism has been proposed to explain the fast SCR reaction when some NO2 is 

present (Tronconi et al., 2007). According to this mechanism, the reoxidation of the 

Lewis acid vanadia site involved in the reaction is slow, slowing the rate of the SCR 

reaction. When present, NO2 acts as an oxidant instead of O2, which acts as the oxidant 

when NO2 is not present. The oxidation of the vanadia site by NO2 is believed to be faster 

than the oxidation by O2, explaining the increased reaction rate when NO2 is present. 

The proposed mechanism is shown in Figure 6. 
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Figure 4: Mechanism of SCR where ammonia must be adsorbed on Lewis acid surface sites for the reaction to 
occur (Lietti et al., 1998). 

 

Figure 5: Mechanism of SCR where ammonia must be adsorbed on Brønsted acid sites for the reaction to occur 
(Topsøe, 1994). 
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Figure 6: Schematic of a possible mechanism explaining the fast SCR reaction (Tronconi et al., 2007). 

3.2 Catalyst deactivation 

Catalyst deactivation is a decrease in catalytic activity of a catalyst as a function of time 

of operation. It can be caused by several different mechanisms and the process is 

influenced by factors such as chemical environment, temperature and choice of catalyst 

materials and promoters. The different mechanisms of catalyst deactivation can be 

divided into the following three categories: mechanical deactivation, chemical 

deactivation and thermal deactivation (Bartholomew, 2001). 

Mechanical deactivation may occur if the catalyst is subjected to a mechanical load and 

can occur via erosion and crushing (Bartholomew, 2001). Another form of mechanical 

ageing is fouling (Bartholomew, 2001), where a fouling agent in the fluid phase deposits 

in the pores of the catalyst, leading to increased pore diffusion resistance, or on the 

outer surface of the catalyst, leading to a decrease in bulk mass transfer area. An 

important example of fouling is coking, where a carbon-rich, hydrogen-deficient 

material is deposited on the catalyst (Heck, Farrauto and Gulati, 2009). 
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Chemical deactivation occurs when species in the reactant fluid interact with the 

catalyst to deactivate it. Selective poisoning occurs when a deactivating species, a 

poison, chemisorbs selectively on active sites on the catalyst, thus blocking them from 

the reactants. For V2O5/TiO2 catalysts, alkali metals are important poisons, affecting the 

activity of the catalysts by decreasing their acidity (Chen and Yang, 1990). Another form 

of chemical deactivation is a reaction between the catalytic species with a component in 

the feed gas mixture that gives rise to the formation of an inactive phase (Bartholomew, 

2001). 

As thermal deactivation was the focus of this work, this subject is treated in detail below. 

3.2.1 Thermal deactivation 

When a catalyst is subjected to high temperatures, it may experience a number of 

structural changes. Due to the high temperatures of exhaust gases in automotive 

applications, thermal deactivation is always present. It may be extraordinarily severe 

during temporary temperature spikes, for example upon regeneration of a DPF, as the 

rate of thermal deactivation increases with increased temperature. The most important 

modes of thermal deactivation are carrier sintering and sintering of the catalytically 

active species. 

Carrier sintering is the change in the morphology of the carrier material of the catalyst 

over time as the catalyst is subjected to high temperatures. Upon thermal sintering, a 

gradual loss of the internal pore structure is observed, together with a decrease in 

specific surface area, which in itself affects the catalytic activity adversely. Additionally, 

as the pore structure changes, the pore openings may grow progressively smaller, which 

increases the pore diffusion resistance of the catalyst. If the process continues, some 

pores may close completely, fully encapsulating the active metal sites within, making 

them unavailable to reactants (Heck, Farrauto and Gulati, 2009). A schematic picture of 

carrier sintering is shown in Figure 7. The mechanisms explaining these morphological 

changes include surface diffusion, solid-state diffusion, evaporation-condensation of 

volatile compounds and grain boundary diffusion (Bartholomew, 2001). 

 

Figure 7: A schematic illustration of carrier sintering (Heck, Farrauto and Gulati, 2009). 



12 
 

 

Figure 8: Scanning electron micrographs showing the difference in morphology between titania in the anatase 
form (a) and titania in the rutile form (b) (Heck, Farrauto and Gulati, 2009). 
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Another mode of carrier sintering is an irreversible change into another crystal 

structure. In vanadia-titania based SCR catalysts, titania, the carrier, may be converted 

from the initial high surface area anatase structure into rutile, if subjected to 

temperatures above 550  C (Heck, Farrauto and Gulati, 2009). The process is sometimes 

called rutilization. As rutile has a much lower surface area than anatase this process may 

severely affect catalyst performance. Scanning electron micrographs of titania in the 

anatase and rutile structures are shown in Figure 8. The rates of both carrier sintering 

phenomena described here (loss of pore structure and rutilization) increase as the 

vanadia loadings of the catalysts increase (Madia et al., 2002). 

Apart from carrier sintering, the catalytic component itself may sinter. That is to say, the 

initially well dispersed catalytic component may agglomerate during operation. The 

initial, well dispersed structure is thermodynamically unstable, due to its high surface-

to-volume ratio; during agglomeration, this ratio is decreased. After agglomeration, 

many active crystal sites will be buried within the crystallites and are therefore 

unavailable to reactants (Heck, Farrauto and Gulati, 2009). Thus, a drop in catalyst 

performance is observed. The process is shown schematically in Figure 9 and is 

illustrated by transmission electron micrographs in Figure 10. Mechanisms proposed for 

this phenomenon include crystallite migration (migration of entire crystallites over the 

carrier surface, followed by collision with other crystallites and coalescence), atomic 

migration (dissociation of individual atoms from crystallites, migration of these atoms 

over the carrier surface and finally capture of these atoms by larger crystallites) and, at 

very high temperatures, transport in the vapour phase, through an evaporation-

condensation mechanism (Bartholomew, 2001). 

 

Figure 9: A schematic illustration of sintering of the catalytically active metal (Heck, Farrauto and Gulati, 
2009). 
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Figure 10: Transmission electron micrographs of fresh and sintered Pt on Al2O3 catalysts, showing the 
agglomeration of catalytically active species into larger particles. Note the difference in resolution between 
the two pictures (the black bar in the left picture corresponds to 10 nm, while the black bar in the right 
picture corresponds to 20 nm (Heck, Farrauto and Gulati, 2009). 

A mechanism of catalyst deactivation that may be regarded as thermal degradation is 

evaporation of catalytically active material, leading to loss of the active material from the 

catalyst. There are two possible mechanisms of evaporation of active material: direct 

evaporation of the active metal itself and reaction of the active metal with a component 

in the reactant stream to form a volatile compound, which in turn is evaporated. Several 

examples of the second mechanism have been identified, one of the most well-known 

being the reaction of Ru on Ru/Al2O3 catalysts with oxygen to form volatile RuO4. On the 

other hand, metal loss through direct evaporation of the active metal is thought to be a 

generally non-significant process (Bartholomew, 2001). 

The literature on possible volatilization reactions for vanadium-based SCR catalysts was 

reviewed in (Chapman, 2011) and the following reactions were found: 

    ( )  (   ) ( ) 

     ( )       ( ) 

     ( )      ( )    ( ) 

   ( )     ( )     (  ) ( ) 

    ( )          (  ) ( ) 

Of these volatile compounds, the equilibrium data suggested that the vapour pressures 

of WO2(OH)2, V4O10 and VO(OH)3 be non-negligible at temperatures above 650 °C. 

However, in the author’s subsequent ageing experiments at 750 °C on catalyst 

formulations resembling commercial catalysts, no evaporated vanadium was detected in 

the absence of water; when water was present, the detected amount of evaporated 
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vanadium was well below that predicted by equilibrium data, showing that volatilization 

of vanadium in SCR catalysts is suppressed. For tungsten, no volatile species were 

detected in the absence of water, while amounts of WO2(OH)3 close to that predicted by 

literature equilibrium data were detected in the presence of water. Tungsten had a 50 

times higher extent of vaporization than vanadium. High gas flow rates and a gas 

composition similar to that of the reactant stream entering the catalyst in an 

aftertreatment system were used (Chapman, 2011). The conclusion in that study was 

that catalyst deactivation of vanadia-based SCR catalysts through evaporation of 

vanadium species can be neglected for the temperatures relevant for SCR operation in 

automotive applications. 

Apparently contradicting results were found in (Hu et al., 2009) where it was observed 

that high emissions of vanadium (almost 1 µg/km during cruising and over 0.2 µg/km 

during transient UDDS standard testing cycles) and even higher emissions of titanium 

were emitted from a class 8 tractor with a Cummins M11 diesel engine retrofitted with a 

vanadium-based SCR catalyst. These emissions could contribute to air pollution. 

However, physical degradation through erosion, rather than evaporation, could be the 

cause of these findings. A study performed at Scania also indicated that vanadium 

evaporation from the catalyst is not negligible. 

3.2.2 Effect of atmosphere on thermal deactivation 

The ageing atmosphere has an effect on the sintering of catalysts. Some data are 

available on the effect of atmosphere on sintering of titania, the carrier in vanadia-based 

SCR catalysts. The rate of sintering of anatase titania has been found to increase greatly 

with increased partial pressures of water vapour, while increased partial pressures of 

oxygen decrease the sintering rate, slightly. Sintering of the anatase carrier could be 

expressed mathematically by the following empirical rate equation: 

  

  
      

   
   
    

where S is the specific surface area of the anatase powder, k is a rate constant,   is equal 

to 2 and   varies from -6.8 to -14.3 (Hébrard et al., 1990). To explain these effects, a 

mechanistic model of anatase sintering, involving water adsorption and rate-limiting 

diffusion of surface hydroxyls, was proposed. 

To the best of my knowledge, no data have been published on the effect of the ageing 

atmosphere on the sintering of the catalytically active species of vanadia-based SCR 

catalysts. A few such studies have been performed on other catalytic systems, however. 

As summarized by Bartholomew (Bartholomew, 2001), general sintering rates for 

supported noble metals are much higher in O2 atmospheres than in H2 atmospheres. 

Also, in general, sintering rates are higher for both supported noble metals and 

supported base metals in H2 atmospheres than in N2 atmospheres. One study 

systematically investigated the effect of different atmospheres on the sintering of γ-

Al2O3 supported Pt. Sintering was found to be faster in oxidizing atmospheres compared 
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with reducing atmospheres. The sintering was found to be very low in Ar and H2 

atmospheres, with slightly higher rates in H2 than in Ar, and accelerated in O2 

atmospheres. Most interestingly, the rate was found to be dramatically accelerated in Ar 

atmospheres containing low amounts (0.1 % and 4 %) of NO. This accelerating effect of 

NO was even higher than that of oxygen. Furthermore, appreciable sintering effects 

could be seen at much lower sintering temperatures in NO containing atmospheres 

compared with other atmospheres (Lööf et al., 1993). 

3.3 Catalyst characterization methods 

This section covers the different analytical techniques used to characterize the catalysts 

in this study. The aim is to explain the principles behind the techniques and to describe 

how the results can be used to investigate thermal deactivation of V2O5/WO3/TiO2 SCR 

catalysts. 

3.3.1 Nitrogen adsorption 

Nitrogen adsorption is an important technique to investigate physical properties of the 

carrier of the catalyst. Surface area, pore volume and pore size distribution are 

important properties that can be investigated by this method (Heck, Farrauto and Gulati, 

2009). The experiment is carried out in a static vacuum system, where the partial 

pressure of nitrogen is increased for each data point. The amount of nitrogen adsorbed 

on the surface at equilibrium is measured and plotted as a function of nitrogen pressure. 

The data are compared to the Brunauer–Emmett–Teller (BET) model for nitrogen 

adsorption (Brunauer, Emmett and Teller, 1938), which is described by the following 

equation: 

 

 (    )
 

 

   
 
(   ) 

     
  

Where 

P = partial pressure of N2 

Po = saturation pressure at the experimental temperature 

V = the volume of nitrogen adsorbed at a certain partial pressure of N2 

Vm = the volume of nitrogen which is adsorbed at monolayer coverage 

C = constant 

By linearizing the BET equation and plotting the data, the volume of nitrogen which is 

adsorbed at monolayer coverage can be determined. This information, along with 

knowledge of how much space is occupied per adsorbed nitrogen molecule (16.2 Å2 

(Heck, Farrauto and Gulati, 2009)), allows the estimation of the internal surface area of 

the sample. 
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The method gives the most reliable results if data are recorded at relative pressures (
 

  
) 

of nitrogen between 0.05 and 0.3. The analysis is usually carried out at a temperature of 

77 K (Sing, 2001). 

The same kind of data can be used to investigate the pore size distribution of catalyst 

samples. Then, in order to promote capillary condensation of N2 in the pores of the 

material, higher relative pressures, with values close to unity, are needed. Often, a lower 

pressure is needed for pores to empty during desorption than what is needed to fill the 

pores during adsorption, and thus a hysteresis is observed at relative pressures between 

0.6 and 0.9 (Heck, Farrauto and Gulati, 2009). Both adsorption and desorption data can 

be used to evaluate the pore size distribution. Traditionally, desorption data are 

preferred, but this has come into question lately as the desorption may depend on 

network-percolation effects or variations in pore diameter in single channels (Sing, 

2001). The pore size distribution is evaluated by using the Kelvin equation for capillary 

condensation. The desorption form of this equation is given by: 

  (
 

  
)   

          

   
 

Where 

σ = Surface tension of liquid nitrogen 

θ = Contact angle 

Vmol = molar volume of liquid nitrogen 

r = pore radius 

R = Ideal gas constant 

T = Absolute temperature 

P = Measured pressure 

Po = Saturation pressure 

When comparing adsorption data to the Kelvin equation, a correction for multilayer 

thickness on the pore wall needs to be made (Sing, 2001). The most commonly used 

method for determination of the pore size distribution of mesoporous materials from 

adsorption data is the Barrett, Joyner and Halenda (BJH) method (Barrett, Joyner and 

Halenda, 1951). 

3.3.2 Oxygen chemisorption 

In order to study the sintering of the active metal phase in supported catalysis, 

chemisorption techniques are used. In these experiments, a gas which adsorbs 

selectively on the active surface area, but not on the carrier, is used. The experiments are 
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carried out much in the same way as nitrogen adsorption analyses (Heck, Farrauto and 

Gulati, 2009) and often the same equipment can be used for both techniques. If the 

stoichiometry of chemisorption (i.e. does the chemisorption of oxygen take place 

through an associative or dissociative mechanism) and the cross sectional area of active 

sites are known, one can determine the total active metal area of the catalyst by 

measuring how much adsorbate is adsorbed at equilibrium. Common adsorbate gases 

include hydrogen and carbon monoxide (Heck, Farrauto and Gulati, 2009). 

To investigate supported metal oxide catalysts, oxygen chemisorption may be used. For 

characterization of supported vanadium oxide catalysts, there are two variants of the 

technique: the high temperature oxygen chemisorption (HTOC) and the low 

temperature oxygen chemisorption (LTOC) (Johansson, 2012). Both methods include a 

prereduction step followed by the actual oxygen chemisorption step. In LTOC, the 

prereduction is carried out at a high temperature (around 500 °C) and the 

chemisorption is carried out at a lower temperature (around -80 °C), while in HTOC, 

both the prereduction and chemisorption steps are carried out at 370 K (Oyama et al., 

1989) (Faraldos et al., 1997). 

For vanadia-based catalysts, LTOC was developed (Nag et al., 1984) first, mirroring a 

similar method used for supported molybdenum oxide catalysts (Parekh and Weller, 

1977). The HTOC method was developed to counter certain concerns with the LTOC 

method. As only the surface of vanadia particles are catalytically active, the analysis 

method should only measure oxygen adsorption capacity of the surface of the supported 

vanadia particles. However, the high reduction temperature in LTOC may lead to bulk 

reduction of vanadia particles. As a consequence, during the chemisorption step, oxygen 

could participate in bulk oxidation as well as in binding to the active surface. 

Furthermore, the low temperature used for oxygen chemisorption could lead to 

underestimation of the oxygen uptake ability as the adsorption kinetics could be too 

slow at the low temperatures used (Oyama et al., 1989). Another study also brought up 

the concern that the high temperatures used in the reduction step in LTOC could lead to 

sintering of the carrier. In that study, experiments comparing the two methods were 

carried out, and they concluded that the HTOC would give more valid results, while still 

acknowledging that both methods provide interesting results (Reddy, Manohar and 

Reddy, 1993). In yet another study (Faraldos et al., 1997) the results indicated that the 

prereduction step of HTOC leads to a poorly defined oxidation state of vanadium while 

the high temperature of oxidation could lead to reoxidation of bulk vanadia, thus making 

the LTOC technique preferable. Nevertheless, as long as one is primarily interested in 

studying trends rather than absolute values of the active surface area, either method 

should be viable. The amount of time allowed for prereduction could also affect the 

reproducibility. However, the results of one study (Majunke and Baerns, 1994) indicate 

that this is only important when the catalyst contains high vanadium loadings. 

The amount of chemisorbed oxygen is often determined by a double isotherm method, 

where an isotherm is recorded before and after an evacuation step (Nag et al., 1984), 
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(Reddy, Manohar and Reddy, 1993). The first isotherm records physisorbed as well as 

chemisorbed oxygen. The conditions of the evacuation step are chosen so that only 

weakly bound, physisorbed oxygen will desorb, while strongly bound, chemisorbed 

oxygen stays at the surface. The second isotherm thus only records physisorbed oxygen. 

Finally, the amount of chemisorbed oxygen is determined from the difference of the two 

isotherms. Another possibility is to use a pulse technique, where the catalyst is subjected 

to several pulses of oxygen while the amount of oxygen is measured in the outlet gas 

(Heck, Farrauto and Gulati, 2009), (Oyama et al., 1989). When the amount of oxygen in 

the outlet gas stops increasing between subsequent pulses, the catalyst is saturated with 

oxygen. The amount of chemisorbed oxygen is determined from the areas under the 

peaks of a plot of outlet oxygen as a function of time, by comparing the areas of peaks 

before and after saturation is reached. 

Oxygen chemisorption has been used in several studies to characterize vanadium 

catalysts on different carriers (Chary et al., 1998), (Chary, 2004), (Majunke and Baerns, 

1994). It has been shown (Reddy, Mehdi and Reddy, 1993) that while oxygen 

chemisorption on samples containing only support material (in that study titania-silica) 

is very small, it is much larger for samples containing vanadium oxide as well, showing 

that oxygen adsorbs selectively on vanadium rather than on titania or silica supports. 

However, to the best of my knowledge, no study has been performed, investigating the 

suitability of the technique for catalysts containing tungsten oxides as well as vanadium 

oxides. This could be a problem because oxygen is known to chemisorb on tungsten, as 

well (Tracy and Blakely, 1969). Thus, for catalysts containing tungsten, one cannot say 

how much of the oxygen adsorption is due to vanadium and how much is due to 

tungsten. Therefore, for this kind of catalyst, the analysis results may not indicate the 

degree of vanadium dispersion so much as the combination of vanadium dispersion and 

tungsten dispersion. 

3.3.3 X-ray fluorescence 

It is interesting to investigate whether the bulk elemental composition of the catalyst 

changes during ageing. This could happen if the catalyst is subjected to chemical 

deactivation or if evaporation of certain components takes place. It could also be 

interesting to study initial elemental composition of a fresh catalyst, for example in 

order to investigate whether there are composition gradients in the catalyst on the 

macro scale. 

In the present study, X-ray fluorescence (XRF) was used to study the bulk elemental 

composition of the catalysts. With this technique, the sample is subjected to X-ray 

electromagnetic radiation, leading to ionization of atoms in the sample by emission of 

low energy level electrons. These electrons are replaced by electrons from higher energy 

levels, accompanied by emission of X-ray radiation. Different elements have different 

characteristic emitted wavelengths, and by analysing the intensities and wavelengths of 

emitted radiation, quantitative information about the elemental composition of the 

sample can be derived. The sample should be homogenized (for example via grinding) 
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before analysis to ensure that the analysed part is representative of the whole. Analysis 

of elements of low atomic numbers (below 9) is not possible with this technique due to 

low fluorescent yield for low atomic number elements – because  of electron relaxation 

for these elements to a much higher degree being accompanied by emission of electrons 

rather than emission of electromagnetic radiation, the so called Auger effect – and the 

low penetration (around 1 µm) of long wavelength X-ray radiation, which is 

characteristic for low atomic number elements, leading to radiation from these elements 

only being detected from atoms of these elements that are located in the outermost 

surface being analysed and thus making the method very sensitive to the sample 

preparation method (Jenkins, 1994). 

Another technique to determine the elemental composition is inductively coupled 

plasma optical emission spectroscopy (ICP-OES). With this method, a plasma is 

generated and the sample is injected into it. In the plasma, collisions with ions and 

electrons break the sample molecules down into atoms. During the process, the atoms in 

the sample emit characteristic electromagnetic radiation. By analysis of emitted 

radiation, the elemental composition can be determined. ICP-OES should be chosen if 

highly accurate results are needed (Serwicka, 2000). However, the sample preparation 

is more time-consuming, involving dissolution of the sample into aqueous solution. In a 

study where both ICP-OES and XRF were employed for the characterization of vanadia-

titania catalysts, both methods yielded similar results (Nogier, 1994). 

3.3.4 X-ray diffraction 

X-ray diffraction is based on the scattering of X-ray radiation by the electrons in a 

sample’s constituent atoms. In crystals, the rigidly arranged atoms make up planes 

between which the distances are such that interference between scattered X-ray 

radiation, X-ray diffraction (XRD), occurs. If the layers of atoms are mathematically 

treated as adjacent parallel reflecting planes, the Bragg equation, which relates the 

angles at which constructive interferences occur to the wavelength of the X-rays and the 

distance between the reflecting planes, can be derived. In a polycrystalline powder 

sample, the large number of small crystallites, oriented at random, give rise to cones of 

diffraction intensity, consisting of a large number of dots, each representing diffraction 

from a single crystallite. The positions of the cones are determined with an X-ray 

detector, recording the positions and intensities of scattered X-rays. The positions and 

intensities of diffraction maxima depend on the types of atoms and their position. Thus, 

detailed information of the crystalline phases present in the sample can be obtained by 

analysing the diffraction patterns. Different crystalline phases give rise to unique 

patterns and as such, individual crystalline phases can be identified from the diffraction 

patterns (Atkins et al., 2006). 

If a phase is sufficiently crystalline to diffract X-rays and makes up more than one 

percent of the sample, it can be studied with powder XRD. The amount of active material 

in commercial catalysts is usually too low to be detected by XRD; on the other hand, the 

carrier is present in much larger amounts and may therefore be studied with this 
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technique. For this reason, XRD may be used to study the sintering of catalyst carriers, 

but not the sintering of the active component. Larger crystals give rise to sharper peaks 

and the Scherrer equation can be used to relate the width of the peaks to the particle 

size of crystallites in the sample (Heck, Farrauto and Gulati, 2009): 

  
  

     
 

Where 

B = breadth of the peak at half-peak height, 

  = X-ray wavelength, 

  = diffraction angle, 

k = constant usually assumed equal to 1. 

As individual crystalline phases can be identified, XRD can also be used to study the 

phase transformation of the carrier from anatase to rutile (Heck, Farrauto and Gulati, 

2009). Using the Scherrer equation, the degree of carrier sintering may be estimated. 

3.3.5 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a technique that allows characterization of 

the outermost surface of the sample. A schematic sketch of the principle of XPS is shown 

in Figure 11. The sample is subjected to X-ray radiation which leads to emission of 

characteristic electrons from the atoms in the sample; by counting the emitted electrons 

and recording their energy, valuable information can be obtained. The emitted electrons 

have very low surface penetration, due to their low energy, and therefore this analysis 

technique only investigates the outermost layer (about 4 nm) of the investigated 

catalyst. As the catalytic reactions take place only on the surface of the catalyst, this 

makes the technique very useful for investigating the most important part of the 

catalyst, its surface, while the methods previously discussed only investigate the bulk 

properties of the catalyst. XPS is a powerful tool to study chemical deactivation as rather 

small amounts of a catalyst poison, binding selectively to the catalyst surface, may cause 

severe deactivation of the surface, even if the poison is not abundant enough to be 

identified by bulk characterization techniques, to any significant degree. One can also 

investigate composition profiles as a function of depth by sputtering away the top layers, 

recording photoelectron spectra of the underlying layers as the top layers are removed 

(Heck, Farrauto and Gulati, 2009).  
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Figure 11: The principle of XPS. The sample ejects electrons when subjected to X-ray radiation. Emitted 
electrons are counted and their energy recorded. The Ar+-gun can be used to sputter away atoms in the top 
layers, allowing recording of surface profiles (SCK•CEN, 2004). 

The kinetic energy of an emitted electron is approximately equal to the energy of the X-

ray radiation minus the binding energy of the electron. Thus, by analysing the kinetic 

energy of emitted electrons, their binding energy may be determined (Hollander and 

Jolly, 1970). The spectra are usually presented as a function of binding energy. The 

chemical environment and variations in oxidation state may affect the binding energy of 

the electrons and thus changes in these parameters may lead to shifts in the positions of 

peaks in the spectrum. From this, qualitative information about the surface chemistry 

and quantitative information about the distribution between different oxidation states 

may be derived. However, caution should be taken when interpreting the oxidation state 

distribution results as the analysis is performed in ultrahigh vacuum, which may lead to 

reduction of the surface layer (Weckhuysen and Keller, 2003). Furthermore, as the 

oxidation state of the vanadium species is dependent on the atmosphere it has been 

subjected to (Wachs and Weckhuysen, 1997), the results may be misleading if the 

catalyst is stored in another atmosphere in between ageing and characterization than 

the atmosphere it was exposed to during ageing. 

XPS has been used to study the nature of binding of both poisons and promoters to 

vanadia on titania based catalysts. For example, it has been used to qualitatively and 

quantitatively study the nature of sulphur binding to the catalyst surface (Khodayari and 

Odenbrand, 2001) (Guo, 2006), to study the nature of poisoning by potassium and 

calcium by observing shifts in the oxygen signal (Nicosia, Czekaj and Kröcher, 2008), to 

study deactivation by lead (Khodayari and Odenbrand, 1998) and to study the nature of 

barium species on an SCR catalyst promoted by barium (Choung, Nam and Ham, 2006). 

Oxidation state distribution has also been investigated in several studies. Round robin 

studies have shown that (in cases where the catalyst has not been subjected to reducing 

conditions) all vanadia is present as V(5+), with no V(4+) and V(3+), in fresh V2O5/TiO2 

catalysts (Nogier and Delamar, 1994) as well as in both fresh and aged V2O5/WO3/TiO2 
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catalysts (Bukhtiyarov, 2000). Another study showed that only V(5+) is present in 

V2O5/TiO2 catalysts containing high amounts of Si (Solar, Basu and Shatlock, 1992). 

However, a conflicting study showed that while V/Ti catalysts contain only V(5+), a 

majority of V is present as V(4+) in V/Ti catalysts containing high portions of Si, and that 

the V(4+) portion grew larger when the Si content of the catalysts increased (Kobayashi 

et al., 2005). 

In the round-robin study comparing aged V2O5/WO3/TiO2 catalysts to fresh catalysts 

(Bukhtiyarov, 2000), the results of some laboratories indicated that the V/Ti ratio at the 

surface had increased during ageing, while some showed a decrease in this ratio; most 

laboratories, however, only detected a small difference, making it difficult to come to a 

conclusion about whether this ratio would increase upon ageing or not. Nevertheless, 

for all laboratories, the vanadium content determined by XPS was much higher than that 

determined by bulk elemental analysis, indicating heterogeneity in the content of 

vanadium as a function of depth, with much higher contents of vanadium at the surface. 

To investigate this further, one laboratory participating in the study performed XPS 

together with ion sputtering to obtain surface profiles of the vanadium content as a 

function of depth. Their results, shown in Figure 12, indicate that the vanadium content 

is indeed higher at the surface of the catalyst. While the ion etching experiment showed 

a higher V/Ti atomic ratio in fresh samples than in aged samples for both monoliths and 

crushed samples, the earlier measurements (without ion etching) by the same 

laboratory had indicated only a small difference according to this trend for crushed 

samples, while for monoliths, the aged samples had a higher V/Ti atomic ratio than the 

fresh ones. The disagreements in results between different laboratories, and even 

between different measurements in the same laboratory, suggest that there exists no 

clear trend regarding whether the surface concentration of V would increase or decrease 

upon ageing, or that, if such a trend exists, XPS, due to poor reproducibility or due to the 

surface of the catalysts being too inhomogeneous, is not a suitable tool to examine such a 

trend. The authors speculated that the gradient shown in Figure 12, together with the 

surface sensitive nature of the technique, could explain the apparent poor 

reproducibility of quantitative results. It is also possible that the aged catalyst had not 

been aged under severe enough conditions to initiate this kind of change, in which case 

the fact that some laboratories detected a higher V/Ti ratio after ageing while others 

detected a lower ratio could be explained by variation due to poor reproducibility or 

high surface inhomogeneity. Indeed, comparison of nitrogen adsorption characterization 

results (Serwicka, 2000) of the fresh and aged samples analysed in that study, indicate 

that the thermal ageing was very mild. 
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Figure 12: V/Ti atomic ratio in the surface of an SCR catalyst as a function of time of ion etching (Bukhtiyarov, 
2000). 

To summarize, XPS is a highly versatile method that can be used for a large number of 

enquiries. Nevertheless, when investigating this kind of catalyst with this technique, one 

should be aware that quantitative analysis may be unreliable and that caution is needed 

when interpreting the results. On the other hand, the technique is valuable for 

qualitative analysis, such as identifying the presence of catalyst poisons. One should be 

aware, however, that the positions of peaks corresponding to different species are highly 

dependent on factors such as catalyst pretreatment, data acquisition and data treatment, 

which could lead to different laboratories observing certain species at different binding 

energies. 

3.3.6 Temperature-programmed desorption of ammonia 

As adsorption of ammonia is the first step of the mechanism of the SCR reactions, 

studying the ability of the catalyst surface to bind and retain ammonia could be a useful 

way to estimate the activity of the catalyst. Temperature-programmed desorption of 

ammonia (NH3-TPD) is commonly used for this purpose to investigate SCR catalysts. An 

early review describing the TPD technique can be found in (Cvetanović and Amenomiya, 

1967). As ammonia adsorbs on acid sites on the catalyst surface, the results are often 

interpreted as a measure of the acidity of the catalyst surface. 

The TPD equipment typically consists of gas adsorption equipment, some gas detector 

and a furnace. The technique is carried out as follows: First, the catalyst is subjected to a 



25 
 

pretreatment step; for example, the sample is typically dried to remove moisture bound 

to the surface. Next, adsorbate (in this case NH3) is allowed to adsorb on the catalyst 

surface. This is followed by a mild evacuation step, during which weakly bound, 

physisorbed adsorbate desorbs, leaving only chemisorbed adsorbate on the catalyst 

surface. The next stage is the actual temperature-programmed desorption step, where 

the temperature of the catalyst is increased in a pre-determined fashion over time 

(typically linearly), leading to desorption of chemisorbed adsorbate into a stream of 

carrier gas (typically helium (Falconer and Schwarz, 1983)). During this process, the 

desorbed gas is analysed by a detector. By integrating the detector response curve from 

the TPD step with respect to time, a value corresponding to the total amount of 

desorbed ammonia during the TPD step is obtained. Typical response curves for the TPD 

step of an NH3-TPD experiment are shown in Figure 13. Aside from calculating the total 

amount of desorbed ammonia, some researchers attempt to draw conclusions from the 

numbers of maxima in the curves, as well as the positions of these maxima on the 

temperature scale. 

 

Figure 13: Example of response curves from NH3-TPD experiments. The experiments that gave rise to these 
data were performed at different heating rates, on a ZSM-5 zeolite catalyst. In this case, the response curve 
seems to have two maxima, suggesting the presence of two kinds of acid sites of different strengths 
(Micromeritics Instrument Corporation, 2006). 

Commonly used detectors include thermal conductivity detectors and mass 

spectrometers. Both sorts of detectors allow continuous measurements. Thermal 

conductivity detectors operate by measuring the difference in thermal conductivity 

between the adsorbate stream and a reference stream of carrier gas. Through this, one 

may determine the total flow of desorbed adsorbate, but not the composition of the 

stream. Mass spectrometry, on the other hand, can give the composition of the desorbed 

gas. Unfortunately, this equipment is more expensive. A cheaper alternative which 

allows determination of the composition of the desorbed gas is to use gas 

chromatography to separate the gases before detection. However, gas chromatography 

is impractical to use as continuous measurements are not possible. Instead, samples of 
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the desorbed gas are taken at regular time intervals, and injected into the 

chromatography column (Falconer and Schwarz, 1983). 

By comparing the results from the analysis with a mathematical model, important 

parameters such as heats of desorption and surface heterogeneity (Cvetanović and 

Amenomiya, 1967) as well as adsorption kinetic parameters (Falconer and Schwarz, 

1983) can be determined. For determination of kinetic parameters, the technique 

usually requires fewer experiment runs than traditional procedures using isothermal 

experiments and Arrhenius plots. Furthermore, desorption experiments have higher 

accuracy than adsorption experiments as the latter requires measuring a small 

difference in a gas stream, before and after adsorption, while the former directly 

measures the amount that is desorbed (Falconer and Schwarz, 1983). 

A technique which is similar to TPD is temperature programmed reaction. The 

experimental procedure is similar, but in temperature-programmed reaction 

experiments, unstable compounds or reactive mixtures are fed to the catalyst. 

Temperature-programmed reaction experiments can give detailed information on 

reaction kinetics and reaction mechanisms (Falconer and Schwarz, 1983), but were not 

carried out in this project. 

Below, the results of some studies in the scientific literature that employed NH3-TPD to 

study vanadia-based SCR catalysts are summarized, with an emphasis on whether NH3-

TPD measurements performed on the catalysts correspond well to activity 

measurements. The reader will notice that the results of different studies are somewhat 

conflicting. 

NH3-TPD was used in several studies investigating different compositions of the catalyst 

carrier. One such study (Kobayashi et al., 2005) compared vanadia catalysts on titania-

silica mixed supports with different Ti/Si ratios. NH3-TPD results were found to 

correspond well to direct measurements of the acidity via titration. However, TPD 

results were not found to correlate well with activity measurements. While the largest 

ammonia adsorption capacity was observed for a catalyst with a catalyst support 

containing 50 % Ti, this composition gave one of the lowest SCR activities in the study, 

lower than that of a catalyst on a support containing 80 % Ti (which gave the highest 

activity), as well as lower than that of a catalyst supported on pure titania. The authors 

speculated that when the support contained too much silica, more strong acid sites 

would be formed and ammonia would be too strongly adsorbed on these sites to 

undergo reaction. Another study (Amiridis, Duevel and Wachs, 1999) investigated how 

the addition of a great number of different additives affected the performance of vanadia 

on titania SCR catalysts. Apart from comparing the catalytic activity of the different 

catalysts, the authors compared their acidity using both NH3-TPD and diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS). While NH3-TPD is a measure of the 

total acidity of the catalyst surface, peaks in a DRIFTS spectra for a catalyst to which an 

adsorbate (for studies of SCR catalysts, typically NH3 or pyridine) is bound can be 
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divided into peaks corresponding to Lewis acidity and peaks corresponding to Brønsted 

acidity. The measurements showed no correlation between the activity of the catalysts 

and the NH3-TPD results. On the other hand, a nearly linear correlation was found 

between the activity and the area of the Brønsted acidity peak from DRIFTS. Note that 

both these studied catalysts with entirely different catalyst formulations. 

However, one study which compared different catalyst formulations actually did find a 

correlation between NH3-TPD results and activity (Shi et al., 2011). That study 

investigated the effect of incorporating zirconium into the catalyst formulation. Catalysts 

with different zirconium contents were tested both before and after thermal ageing. For 

aged catalysts, a good correlation between NH3-TPD results and activity could be seen; 

when comparing the catalysts, activity increased in the same order as the total amount 

of desorbed ammonia in the NH3-TPD experiments. I.e. the catalyst with the lowest 

amount of desorbed ammonia (as determined by NH3-TPD) also had the lowest activity, 

while the catalyst with the highest amount of desorbed ammonia had the highest 

activity, and so on. For fresh catalysts, this was the case for the activities at temperatures 

of 400 °C and lower. 

In studies investigating chemical deactivation, NH3-TPD results generally corresponded 

well to the results of activity measurements. One example is a study which investigated 

potassium and calcium poisoning of V2O5/WO3-TiO2 catalysts (Nicosia, Czekaj and 

Kröcher, 2008). In this study, catalysts poisoned by potassium had the lowest acidity, as 

determined by NH3-TPD. This corresponded well to the activity results in an earlier 

study (Nicosia et al., 2007) by the same authors. DRIFTS results showed that the 

difference in acidity was found mainly for Brønsted acid sites and not for Lewis acid 

sites. Another study investigated regeneration of catalysts that had been poisoned by 

potassium after operation in a biofuel plant (Khodayari and Odenbrand, 2001). Activity 

tests, NH3-TPD and DRIFTS were carried out for fresh catalysts, deactivated catalysts 

and deactivated catalysts that had been subjected to different regeneration procedures. 

A good correlation could be seen between activity tests, NH3-TPD results and DRIFTS 

results. TPD results showed a lowered total acidity of potassium poisoned catalysts. 

DRIFTS results revealed that this decrease was due to a lower number of Brønsted acid 

sites, while the number of Lewis acid sites was nearly unchanged. Another interesting 

result was that when DRIFTS was carried out at high temperatures, the areas of peaks 

corresponding to ammonia bound to Brønsted acid sites decreased to a much higher 

degree than those of peaks corresponding to ammonia bound to Lewis acid sites, which 

suggested that ammonia is stronger bound to Lewis sites than to Brønsted sites. Yet 

another study investigated poisoning of commercial V2O5/WO3/TiO2 catalysts (Lisi et al., 

2004). The authors investigated catalysts with nominal vanadium contents of 0.55 % 

and 1.8 %, by weight. Both fresh catalysts and catalysts poisoned to different degrees 

with potassium, sodium and hydrochloric acid were investigated. For catalysts with the 

higher vanadium loading, a very clear correlation between SCR activity and the total 

amount of desorbed ammonia in TPD experiments could be seen. However, no such 

correlation was observed for catalysts with the lower vanadium loading. The authors 
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speculated that this could be due to the large contribution to ammonia adsorption of 

titanium and tungsten species for these catalysts. As discussed in 3.1.3, experimental 

data suggest that ammonia adsorbed on those sites do not contribute directly in the SCR 

reaction. A graph showing these data is shown in Figure 14. 

 

Figure 14: Correlation between the pre-exponential factor for the SCR reaction and the amount of NH3 
desorbed in NH3-TPD experiments. M-1 corresponds to catalysts with a nominal vanadium content of 0.55 %, 
while M-2 corresponds to catalysts with a nominal vanadium content of 1.8 %. Empty circles correspond to 
the total amount of desorbed ammonia, while filled circles correspond to the amount of ammonia desorbed in 
the range 250 °C – 350 °C (Lisi et al., 2004). 

Another way to utilize NH3-TPD results is shown in (Andersson, Gabrielsson and 

Odenbrand, 1994). By fitting TPD results for a V2O5/γ-Al2O3 catalyst to a mathematical 

model, they were able to estimate kinetic parameters for adsorption of ammonia on the 

catalyst. These parameters could then be used to mathematically model an SCR catalyst 

for a diesel engine so that the modelling results corresponded relatively well to 

experimental results. 

To summarize, the link between NH3-TPD results and catalytic activity for vanadium SCR 

catalysts is dubious when the method is used to study very different catalysts with 

different composition. On the other hand, there seems to be a clear link when 

investigating poisoning and regeneration by performing experiments on different 

specimens of the same sort of catalysts that have been subjected to different poisoning 

procedures. This suggests that so long as the catalysts examined are similar, NH3-TPD 

could be a good method to estimate the activity of the catalysts. To the best of my 

knowledge, there are no published studies using NH3-TPD to investigate the effect of 

thermal ageing time. 
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3.4 Earlier work at Scania 

Several characterization studies of field-aged vanadia SCR catalysts have previously 

been carried out at the material technology department at Scania. The results of these 

studies will be summarized here. Furthermore, the results of earlier degree projects 

performed at Scania, investigating ageing of SCR catalysts, will be summarized, as well. 

The main characterization methods used in the studies of SCR catalysts performed at the 

material technology department (not including degree projects) were nitrogen 

adsorption, XRF, XRD and thermal dilatometry. As described in the section on analysis 

techniques, nitrogen adsorption and XRD can be used to study sintering of the catalyst 

carrier (including phase transformation), while XRF is used to study the bulk chemical 

composition of the catalyst. Thermal dilatometry gives an indication of the thermal 

history of the catalytic substrate. Note that techniques to study sintering of the 

catalytically active component had not been used. Also, it may be desirable, in future 

studies, to complement the bulk chemical composition data from XRF with data from a 

surface sensitive method like XPS, to investigate poisoning. 

The results of these studies indicate that, during regular usage, moderate thermal 

deactivation is the most important mode of catalyst deactivation. The different parts of 

the catalysts seem to be equally affected by this moderate thermal deactivation, 

although the results suggest that the outlet section could be ever so slightly more 

affected than the other parts. An interesting phenomenon is that in some samples (albeit 

only in an extremely small percentage of all Scania vehicles) the catalysts had been 

subjected to extreme temperatures leading to thermal cracking (in one case even 

melting) of the downstream parts of the catalyst substrates, as well as to phase 

transformation of the titania carrier, total disruption of the pore structure of the catalyst 

and severe loss of catalytic activity. The cause of the extreme temperatures leading to 

these problems may be leakage of oil or fuel into the catalyst, with subsequent 

combustion of these hydrocarbons inside the catalyst substrate. Another interesting 

result was a confirmation of the high sulphur tolerance of vanadium-based SCR 

catalysts. Finally, for some samples, the XRF results revealed slightly elevated levels of 

elements that may have originated from fuel, engine oil or coolants. Nevertheless, these 

increases were small and the authors were not able to confirm that they would have any 

impact on the performance of the catalysts. 

M. Sc. Degree projects investigating thermal ageing of Scania’s SCR catalysts have also 

been carried out before. In one of these studies (Ekeberg, 2011), the performance of 

oven-aged SCR catalysts was evaluated in a test cell. Catalysts were aged in air 

containing 7 % of water at 500 °C for 10 h, 100 h, 200 h and 490 h; at 550 °C for 10 h, 

100 h and 200 h; and for 10 h at 600 °C and 650 °C. The performances were evaluated by 

measuring the NOx conversion at two different space velocities and varying ammonia to 

NOx ratios. The data were inconclusive with different catalysts performing well at 

different reaction conditions and few obvious trends relating performance to ageing 

conditions. One trend that could be seen was that catalysts aged for 10 h at 600 and 650 
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°C generally showed slightly worse performance than catalysts aged at lower 

temperatures, even when these had been aged for hundreds of hours. The performance 

of catalysts aged at 550 °C was generally comparable to that of catalysts aged at 500 °C, 

sometimes showing even higher activity than catalysts aged at 500 °C. Another 

interesting result was that for catalysts aged at 500 °C, the catalyst aged for 200 h had a 

higher activity than the other catalysts aged at the same temperature even though some 

of them had been aged for a shorter period of time. It is difficult to know whether this 

effect (and other differences) was due to differences already present in the fresh 

catalysts (different specimens had been subjected to the different ageing times) or if this 

effect also would have been seen if the same specimen had been subjected to all the 

different ageing times. If the second option were the case, the results would indicate that 

some initial ageing only serves to activate the catalyst. As the author states in their 

discussion section, it would have been preferable to perform performance testing both 

before and after oven ageing, in order to be able to realize whether observed effects 

were because of the different ageing procedures, or due to variations in the catalysts 

already being present from the start. It should also be pointed out that, in many 

operating conditions, the difference in performance between different catalysts was 

small. The largest differences could be found when a high space velocity was used for 

performance testing. Apart from performance testing, the catalysts aged in the study 

were characterized by nitrogen adsorption. 

Another M Sc. Degree project (Johansson, 2012) focused on characterization of aged SCR 

catalysts. In that study, oven ageing was carried out for 10 hours at 700, 750, 800 and 

850 °C, in air containing 7 % of H2O. Ageing was also carried out in moisture-free air for 

10 hours at 700 and 850 °C. Characterization of these samples, as well as of samples 

from the earlier M. Sc. thesis and from field-aged catalysts which had been subjected to 

thermal cracking due to extreme temperatures, were carried out by thermal 

dilatometry, nitrogen adsorption, oxygen adsorption and XRD. The objective was to 

determine how different ageing temperatures and ageing times would affect the result 

of the characterization analyses. The main focus was to investigate the thermal 

dilatometry technique, which allows investigation of the thermal history of catalyst 

samples. It was concluded that the results of this method are influenced by the ageing 

temperature as well as by the time of ageing, even though temperature seems to be the 

most important factor. This knowledge was then used to estimate the thermal history of 

field-aged catalysts which had malfunctioned due to being subjected to extreme 

temperatures. Another result from the dilatometry evaluation was that water content in 

the ageing atmosphere did not seem to have a large effect on the results. 

Comparison of the two gas adsorption techniques also yielded interesting results. The 

values from nitrogen adsorption analyses, in the form of BET area, seemed to reduce 

gradually with ageing time, indicating that carrier sintering is a slow process. On the 

other hand, the results from oxygen chemisorption analyses seemed to be independent 

of ageing time. While the amount of adsorbed oxygen had decreased compared with 

fresh catalysts, no difference in the amount of adsorbed oxygen could be seen between 
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samples aged for 10 hours and for 200 hours at the same ageing temperature. This 

suggests that sintering of the catalytically active component is a fast process. In other 

words, while nitrogen adsorption results could be said to be a function of both ageing 

time and ageing temperature, oxygen chemisorption results are function of ageing 

temperature only. Finally, XRD results indicated that phase transformation of the titania 

carrier from anatase to rutile was appreciable for samples aged at 700 and 800 °C, while 

for the sample aged at 650 °C it had occurred to only a very small degree (Johansson, 

2012). 
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4 Experimental 

This section details the experimental procedures used in this study. 

4.1 Oven ageing of catalysts 

Before experiments could be performed on the catalyst samples, the canning on the 

catalyst had to be removed. When this was done, the catalyst had to be cut into smaller 

pieces to fit inside the oven, as the catalyst had a length of roughly 27 cm and a diameter 

of 25 cm, while the oven used was much smaller (height = 14 cm, width = 13.5 cm, depth 

= 18 cm). First, the catalyst was cut into three cylinders of equal size, each with a length 

of 9 cm. This is shown schematically in Figure 15, left. Out of these three parts, the 

middle segment was chosen to be studied, as the gradient in vanadium content along the 

catalyst axis (see section 3.1.2) was believed to be the smallest here. From this middle 

segment three cylinders, each with a diameter of 10 cm, were cut (this is shown in 

Figure 15, right) and these cylinders were able to fit inside the oven. 

 

Figure 15: Schematic view of how the catalyst was cut to yield pieces that would fit into the oven. 

To investigate the effect of ageing time, small sample pieces were cut from the larger 

sample inside the oven after different ageing times. The longest ageing time was 990 h. 

This method allowed all oven-aged samples to be taken from the same catalyst 

specimen, thereby avoiding the uncertainties caused by the initial differences between 

different fresh catalyst specimens. 

As described above, all oven-aged samples were taken from the middle axial segment. 

Unfortunately, due to how this middle segment was then cut into smaller pieces (Figure 

15, right) it was not possible to determine from what radial position samples from the 

oven-aged catalyst were taken from. For fresh samples, however, this was possible, and 

for the XRF analysis, samples were taken from three different radial positions, radial 

positions 1, 2 and 3. The difference between these radial positions is shown in Figure 16. 
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Figure 16: Shows the difference between radial positions 1, 2 and 3. As can be seen, a sample taken from 
radial position 1 is taken from the centre, while a sample taken from radial position 3 is taken from the 
circumference. A sample taken from radial position 2 is taken from an intermediate radial position. 

An ageing atmosphere resembling the conditions in the exhaust stream from an 

automotive diesel engine was chosen. The atmosphere contained (by volume) 10 % O2, 5 

% H2O, 500 ppm NOx (with equal parts NO and NO2) and balance nitrogen. The correct 

composition was achieved by regulating the flows of the different components by using 

mass flow controllers (MFCs). Flows of technical air and nitrogen were taken from the 

central gas supply in the lab, while NOx was taken from a gas bottle containing a mixture 

of gases (nominal composition: 1750 ppm NO, 1750 ppm NO2, balance nitrogen). Gas 

washing bottles, with porous glass filters, containing deionized water and submerged in 

heated water baths were used to achieve the desired water concentration in the gas 

stream. The setup is shown schematically in Figure 17. 

The outlet of the oven was in the form of a hole in the top. The gas mixture was lead into 

the oven through a pipe going through this hole. The exit of this pipe was at the bottom 

of the oven, below the catalyst sample. The sample needed to be raised above the floor of 

the oven to allow the gas to flow through its channels. The setup inside the oven is 

shown in Figure 18. 

Due to the limited amount of NOx-containing gas mixture available, a very low flow rate 

had to be used. The total flow rate was around 430 cm3/min, giving a space velocity 

through the oven that was several orders of magnitude lower than that of the exhaust 

stream through the aftertreatment system in a real truck. Nevertheless, this need not be 

a problem; it could actually be an advantage as with this low gas flow rate, mechanical 

deactivation through erosion should be non-existent, which would be beneficial as the 

objective was to investigate thermal deactivation specifically. 

To be able to determine whether the presence of NOx had any effect on the ageing of the 

catalyst, a series of ageing experiments were also carried out with an ageing atmosphere 

not containing NOx. The same setup could be used to perform this series of experiments; 
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the new atmosphere was easily achieved by simply shutting off the stream from the gas 

bottle with the NOx mixture. 

 

Figure 17: Schematic sketch of the setup used to achieve the desired gas composition in the ageing 
atmosphere. 

 

Figure 18: Schematic sketch showing how the gas stream was led into the oven and how the catalyst was 
placed inside the oven. 

The ageing temperature was chosen to be 550 °C. Earlier results have indicated that this 

temperature is high enough for carrier sintering (as determined by nitrogen adsorption) 

and changes in catalytic activity (Ekeberg, 2011), as well as sintering of the catalytic 
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component (as determined by oxygen chemisorption) (Johansson, 2012) to occur, but 

not high enough for carrier phase transformation to occur to any significant degree 

(Johansson, 2012). 

4.2 Field-aged catalysts 

Rickard Westbom worked with his M. Sc. degree project at the engine development 

department of Scania at the same time as I worked with this project. In his work, he did 

performance testing of a large number of field-aged and fresh SCR catalysts. As I hoped 

to be able to establish a connection between characterization results and performance, 

while he wanted to increase his understanding of the ageing processes that the catalysts 

investigated in his project had been subjected to, we realized that there was a potential 

for cooperation, by performing characterization of his performance-tested catalysts. The 

results of characterization for some of these samples will be presented and discussed in 

this report. 

The decision about which performance-tested catalysts to choose for characterization 

was made based on two factors. First, to be able to make a meaningful comparison 

between performance testing results and characterization results, the performance test 

results of the chosen catalysts should be comparable to each other. Westbom performed 

performance testing on catalysts of different sizes, but due to how the experiments were 

carried out, performance testing results of catalysts of different sizes were not 

comparable to each other. Therefore, only catalysts of the same size were chosen for 

characterization. Second, in order to more easily be able to see a trend when comparing 

performance and characterization results, the difference in performance between the 

catalysts that would be chosen for characterization should be as large as possible. 

However, the differences in performance between the different catalysts tested by 

Westbom were, in general, rather small. Nevertheless, the largest differences were found 

for catalysts with a volume of 32 dm3. Of these, catalysts from field testing vehicles 

Strindberg, Waltari and Kungens Kurva, as well as the fresh catalyst denoted Reference 

(Patrik) were chosen for characterization.  

The results of the performance tests of these catalysts are shown in Figure 19. Normally, 

when performance tests are run, the ammonia-to-NOx ratio is set to certain known 

values, and the catalysts are compared to each other for certain values of this ratio. 

However, due to problems with the equipment, this was not possible in Westbom’s 

work. Instead, he measured the ammonia slip all the time in his experiments, recording 

the ammonia slip once the NOx conversion had stabilized after a switch in operation 

conditions. Thus, he could instead compare the performance of the different catalysts to 

each other at the same ammonia slip. 

The catalyst from Kungens Kurva was chosen due to its poor performance at all 

temperatures tested. Out of the catalysts chosen for characterization, it had the worst 

performance for all ammonia slips, as well as for all temperatures. The Reference 

(Patrik) catalyst was chosen due to its high performance at all temperatures, but 
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especially for its excellent low-temperature performance. The catalyst from Strindberg 

was chosen due to its high performance at high temperatures; in Westbom’s study, this 

catalyst generally had the highest performance at high temperatures out of all the field-

aged catalysts studied, at all different ammonia slips for which performance data were 

collected. Finally, Waltari was chosen as an intermediate case. 

 

Figure 19: The results of Westbom’s performance tests on catalysts from field-testing vehicles Strindberg, 
Waltari and Kungens Kurva and the fresh catalyst, Reference (Patrik). The results here correspond to an 
ammonia slip of 50 ppm. 

Aside from catalytic performance, some limited information about the field-ageing, such 

as the mileage of the trucks the catalysts had been used in and the temperatures during 

operation, was known. This knowledge is summarized in Table 1. In general, the thermal 

load of the field-aged catalysts was rather low; they had been subjected to relatively low 

temperatures. 

Table 1: A summary of what was known about the catalysts that were performance-tested by Westbom and 
characterized in this work.  

Name Mileage (km) Thermal load Catalyst 
Performance in 
Westbom’s 
experiments 

Strindberg 220 547 Intermediate, high peak 
temperature compared to 
Waltari, low mileage implies 
short ageing time, lower mean 
temperature than that of Waltari 

High performance 
at high 
temperatures 

Waltari 376 875 Intermediate; low peak 
temperature 

Intermediate 
performance 

Kungens 
Kurva 

269 757 Intermediate; the available data 
was difficult to interpret 

Poor performance 
at all temperatures 

Reference 
(Patrik) 

0, but the 
catalyst had 
been subjected 
to some cell-
testing 

Unknown; the temperature never 
exceeded 500 °C during light cell 
testing 

Excellent low-
temperature 
performance; good 
high-temperature 
performance 
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Ideally, the samples to be used in characterization of the field-aged catalysts would be 

taken from the same axial position in the catalyst as was done for the oven-aged 

catalysts (i.e. samples should be taken from the middle) to facilitate comparison 

between oven-aged and field-aged samples. However, this would mean that we would 

have to cut down the catalysts into smaller parts (as shown in Figure 15, left) and this 

was not possible as this would render the catalysts unusable for future performance 

testing. Instead, samples were taken from the outlet segment of the catalyst, by scooping 

out just enough of the samples as would be needed for the characterization. In doing so, 

only minor damage was done to the catalysts and results of possible future performance 

tests would still be comparable to those that had already been carried out. The inlet 

segment of a catalyst is more likely to have been subjected to chemical poisoning than 

the outlet segment. Thus, as I was chiefly interested in investigating thermal 

degradation, and therefore should try to separate this phenomenon from other ageing 

phenomena, it was preferable to take samples from the outlet of the catalysts, rather 

than from the inlet. Westbom also performed nitrogen adsorption experiments on 

several other field-aged catalysts, but these results are not presented here. Furthermore, 

he performed XRF analyses on the catalysts from Waltari and Kungens Kurva, in order to 

investigate whether chemical poisoning had taken place. The XRF sample from Waltari 

was taken from the inlet of the catalyst as he thought the concentration of poisoning 

species should be higher at the inlet. For Kungens Kurva, samples for XRF analysis were 

taken from both the inlet and the outlet. 

4.3 Characterization 

An overview of the different samples investigated in this study is given in Table 2, which 

details which samples were analysed by which methods. 

How the actual characterization of the samples was carried out is laid out in the 

following subsections. 
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Table 2: Overview of which characterization experiments were carried out for which catalyst samples. The 
list only includes the experiments for which results are reported in this report; experiments on field-aged 
catalysts that will be reported in Westbom’s thesis only were omitted. 

Sample Nitrogen 
adsorptio
n 

Oxygen 
chemisorption 

XRF XPS NH3-
TPD 

XRD 

Reference Middle, 
radial position 1 

  X    

Reference Middle, 
radial position 2 

X X X X X X 

Reference Middle, 
radial position 3 

  X    

Oven-aged 10 h with 
NOx 

X X X X X  

Oven-aged 100 h with 
NOx 

X X X  X  

Oven-aged 200 h with 
NOx 

X X X X X  

Oven-aged 340 h with 
NOx 

X X  X X  

Oven-aged 490 h with 
NOx 

X X  X X  

Oven-aged 700 h with 
NOx 

X X  X X  

Oven-aged 990 h with 
NOx 

X X X X X X 

Oven-aged 1 h 
without NOx 

 X     

Oven-aged 3 h 
without NOx 

 X     

Oven-aged 5 h 
without NOx 

 X     

Oven-aged 10 h 
without NOx 

 X   X  

Oven-aged 100 h 
without NOx 

 X   X  

Oven-aged 200 h 
without NOx 

 X   X  

Oven-aged 340 h 
without NOx 

 X   X  

Reference (Patrik)  X X   X  

Strindberg, outlet X X   X  

Waltari X X X  X  

Kungens Kurva X X X  X  
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4.3.1 Nitrogen adsorption 

In this study, nitrogen adsorption analysis was carried out to investigate carrier 

sintering. Experiments were carried out for oven-aged samples aged in the NOx-

containing atmosphere, as well as for field-aged samples. Before analysis, the samples 

were degassed at 150 °C for four hours. About 0.4 g of catalyst sample, in the form of 

small pieces of monolith that would fit inside the sample tube, was used for each 

experiment. Measurements were carried out at 77 K, using a Micromeritics ASAP 2020 

instrument. The results were evaluated using the BET and BJH models. 

4.3.2 Oxygen chemisorption 

Oxygen chemisorption experiments were used as a measure of sintering of catalytically 

active metal. Experiments were carried out for oven-aged samples aged in both 

investigated atmospheres (with and without NOx) as well as for field-aged samples.  A 

high-temperature oxygen chemisorption technique was used. First the samples were 

evacuated for one hour. This was followed by the prereduction step, during which a 

stream of H2 flowed over the samples at 350 °C for two hours. Then came two more 

hours of evacuation at 350 °C, after which the actual oxygen chemisorption step was 

performed, using the double isotherm method (see section 3.3.2). About 0.4 g of catalyst 

sample (cut into small pieces that would fit inside the sample tube, while still large 

enough so as not to destroy the shape of the monoliths) was used for each experiment. 

4.3.3 XRD 

XRD was performed on one fresh sample and on one sample which had been subjected 

to 990 h of ageing, in order to investigate whether any phase transformation of the 

carrier had taken place. A Siemens D5000 diffractometer with Cu Kα monochromatic 

radiation was used. The scanning range of 2θ was between 10° and 90°. Before analysis, 

the samples where ground to a fine powder. 

4.3.4 XRF 

Bulk elemental composition analyses, utilizing XRF, were carried out for several reasons. 

The most important was that when a sample was taken from the catalyst piece inside the 

oven, it was not possible to know from what radial position the sample had originated, 

due to the way the catalyst had been cut down into smaller parts that would fit inside 

the oven. If a radial vanadium gradient in the fresh catalyst exists, in the same way as 

there is an axial vanadium gradient, this could mean that different samples could have 

different contents of vanadium, and therefore would not be comparable to each other. 

To investigate whether this was the case, samples from three different radial positions 

(but from the same axial position) of the fresh catalyst were investigated with XRF. 

Furthermore, some aged samples were investigated with XRF as well. This was done in 

order to ensure that the catalysts had not been poisoned from e.g. impurities in the gas 

feed. Another reason was to investigate whether noticeable evaporation of active 

material had taken place. Only fresh samples and samples oven-aged in the NOx-
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containing atmosphere were investigated with XRF. Westbom investigated some field-

aged samples as well; those results will only be discussed briefly. 

The XRF analyses were carried out by SP, according to the SP 4343 method. The 

analyses were carried out with an ARL Advant ’X IntellipowerTM 3600 XRF Uniquant 

instrument. The samples were ground to a powder and mixed with wax with a sample to 

wax mass ratio of 7:1. Typically, 4.2 g of catalyst sample and 0.6 g of wax were used, but 

for some samples, too little of the sample was available. In these cases, between 2.4 g 

and 4.2 g of sample was used, with the same sample-to-wax ratio as before. The 

mixtures were then pressed to make briquettes on which the analysis was performed. 

To test the homogeneity of the mixtures, in many cases two briquettes were made from 

the same mixture of wax and sample; analysis was then performed on both briquettes 

and the results compared. 

4.3.5 XPS 

XPS analysis was performed on oven-aged samples (only those aged in the NOx-

containing atmosphere) to investigate whether the elemental composition at the surface 

of the catalyst had changed, as well as to attempt to determine the oxidation state 

distribution of vanadium in the aged samples. The analyses were carried out by the 

Institute for Surface Chemistry (YKI). For some samples, several pieces were 

investigated. 

The analyses were carried out using a Kratos AXIS UltraDLD x-ray photoelectron 

spectrometer. A monochromatic x-ray source, giving Al Kα 1486.6 eV photons, was used. 

The analysis area was small as a circular aperture with a diameter of only 110 µm was 

used. For this reason, results could be misleading if the surfaces were inhomogeneous. 

Therefore, in order to investigate the homogeneity of the surface, for one of the pieces 

investigated, analyses were run on three different points. For all samples, a wide spectra 

(with pass energy 160 eV) covering all relevant electron binding energies was first 

recorded in order to investigate what elements were present in the surface layer. 

Quantification was then performed by obtaining more detailed spectra (with pass 

energy 80 eV) for each individual element. The areas of the different peaks were 

translated into the surface composition by dividing them by sensitivity factors from the 

literature. As the samples are electrically insulating, a charge neutralizer filament was 

placed just above the samples to direct low-energy electrons to the surface, thereby 

compensating for the charge build-up. The experiments were performed in ultra-high 

vacuum (< 10-7 torr) 

4.3.6 NH3-TPD 

NH3-TPD analyses were performed in order to investigate the effect of ageing time on 

the ability of the catalysts to bind and retain NH3. In order to investigate whether the 

presence of NOx in the ageing atmosphere had any effect on this, oven-aged samples 

aged in both atmospheres were investigated. Finally, in order to investigate whether 

NH3-TPD results are related to catalytic activity, analysis was also performed on 
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performance-tested catalysts. The NH3-TPD analyses were carried out by Professor 

Ingemar Odenbrand at LTH (the Faculty of Engineering at Lund University). 

The TPD analyses were performed using a Micromeritics TPD/TPR 2900 instrument 

equipped with a thermal conductivity detector. After grinding and weighing the samples, 

they were degassed in He at room temperature, until a stable baseline in the detector 

response was obtained. Then came another degas step in He but at 350 °C until a stable 

baseline was obtained again. Then, ammonia was adsorbed on the catalyst from a 

stream containing 5 % NH3 in He for about 45 minutes at 50 °C. Again, the time of the 

step was determined by the time needed to reach a stable baseline, which would 

indicate that the catalyst was saturated with ammonia. This was followed by an increase 

in temperature to 150 °C, while still keeping the same flow of NH3. Due to the higher 

temperature, some NH3 would desorb during this step. Once this desorption had 

stopped, as indicated by stabilization of the detector response baseline, the gas stream 

was changed to pure He and another desorption peak would be observed. Finally, after 

baseline stability was reached again, a temperature ramp up to 525 °C was initiated. The 

integral of the detector response curve during the final step was calculated. To translate 

this to the total amount of desorbed NH3, the value was compared to the results of 

calibration with a known amount of 5 % NH3 in He mixture. The total amount of 

desorbed ammonia during the TPD can be viewed as analogous to the ammonia 

adsorption capacity of the catalyst at 150 °C. Throughout the experiments, a gas flow 

rate of 13.9 normal cm3/min and a gauge pressure of 1.84 atm were used. 
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5 Results and discussion 

In this section, the results of the characterization experiments are shown and discussed. 

First, the results for oven-aged samples will be discussed, followed by a discussion of the 

results for the field-aged samples. 

5.1 Oven- aged samples 

The results of nitrogen adsorption measurements are shown in Figure 20 and Figure 21. 

The BJH pore size distributions have changed little as a consequence of ageing, but in the 

expected direction: towards lower total pore volume and larger pores for samples that 

have aged for longer times. An interesting result regarding BET surface areas is that, 

after sufficient ageing time, a final value seems to be reached. Although this is an 

expected result, it had not been demonstrated in an earlier comparable study performed 

at Scania (Ekeberg, 2011), which employed a shorter total ageing time. From this result 

it can be inferred that carrier sintering at 550 °C, while being a gradual process, only 

occurs up to a certain ageing time, beyond which no further carrier sintering can be 

observed. 

 

Figure 20: BET surface areas of samples aged in the NOx-containing atmosphere as a function of ageing time. 
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Figure 21: BJH pore size distributions for samples aged in the NOx-containing atmosphere for various ageing 
times. 

Oxygen chemisorption results for the samples aged in the NOx-containing atmosphere 

are shown in Figure 22. As for the BET areas, there is first a gradual change until a final 

value is reached. Compared to the BET areas, the final level is reached much earlier, after 

about 200 h. These results indicate that sintering of the catalytically active component, 

like carrier sintering, is a gradual process up to a certain point, beyond which no 

furthering sintering takes place. However, this final level is reached much quicker than 

for carrier sintering. These results were surprising as they contradicted the results in 

(Johansson, 2012), where it was found that the final level is reached almost immediately 

(after less than 10 hours). The ageing atmosphere was different between the two 

studies; in the previous study it had contained no NOx, while NOx was present in the 

atmosphere used in this study. However, this cannot explain the discrepancy. In the 

present study, a series of samples which were aged in an atmosphere not containing NOx 

were analysed as well. A comparison between oxygen chemisorption results for samples 

aged in atmospheres with and without NOx is shown in Figure 23. Here, disregarding the 

result for the sample aged for one hour, which will be discussed below, no difference 

between samples aged with and without NOx can be seen. Thus, there must be another 

reason for the disagreement with the earlier study. The most probable reason is that in 

the earlier study, different catalyst specimens had been used for the different ageing 

times, thereby introducing uncertainties that were not present in this study where all 

the samples came from the same catalyst specimen. 
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Another discrepancy compared to the earlier study is that, in general, lower oxygen 

uptakes were observed here. While the value for long ageing times in this study is circa 

60 µmol/g, the corresponding value in the earlier study for samples aged at 550 °C was 

about 90 µmol/g. The reason for this discrepancy is not known. Possible explanations 

include differences already present in the fresh catalysts, different sampling positions in 

the two studies, and inaccurately calibrated thermostats in the ovens used in either 

study, leading to the actual temperature being different from the nominal value of 550 

°C. 

 

Figure 22: Oxygen uptake capacities of samples aged in the NOx-containing atmosphere, as a function of 
ageing time. 

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600 700 800 900 1000

O
2
 u

p
ta

k
e
 (

µ
m

o
l/

g
) 

Ageing time (h) 

Oxygen chemisorption results for oven-aged 
samples aged in a NOx-containing atmosphere, as a 

function of ageing time 



46 
 

 

Figure 23: Comparison between oxygen chemisorption results for samples aged in atmosphere with and 
without NOx. 

The result for the sample aged for one hour without NOx did not agree with the trends of 

the data. Likely, the result for this sample is not reliable and should be disregarded. A 

possible explanation for the strange result is the shape of the pieces on which the 

analysis was performed. Due to a very low amount of the one-hour sample being 

available, and a very different texture of the sample compared to the other samples, the 

pieces on which the analysis were performed had a very different shape than what was 

the case for the other samples. While for the other samples, care was taken to cut them 

into pieces which retained the monolith structure, this was not possible for the one-hour 

sample, which instead had to be cut into thin flakes. It is possible that this affected the 

results, which would explain the disagreeing value. 

There were some problems with the handling of the balance used to weigh the sample 

pieces on which gas adsorption experiments were carried out. It could be seen that the 

balance sometimes gave very inconsistent results when the same sample was weighed 

several times. When this was observed, the sample was weighed several times and the 

mean of the measurements was entered as the sample weight. As the results are 

presented on a per mass basis, inaccuracies when measuring the mass of the samples 

had a large impact on the results. Once probable reasons for the problems were 

discovered, analysis was performed a second time on the samples for which these 

problems had been observed this time taking care not to repeat the mistakes that lead to 

the earlier problems. When this was done, very different results were obtained for some 

samples. As the balance had given reliable values for the second round of analyses, these 
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new results were considered more reliable, and only these were shown in Figure 22 and 

Figure 23.  

Two main factors lead to the unreliable weighing of the samples. One problem was that 

the balance was located right below the air conditioner in the laboratory. The air 

conditioner gave rise to air currents which sometimes affected the results. This problem 

affected the results to the highest degree when weighing the samples used for nitrogen 

adsorption experiments, as the sample tubes for use with this analysis were so high that 

they would not fit inside the enclosure that shields the balance from air currents. 

Therefore the top door of this enclosure had to be opened while weighing the samples, 

which caused the results to be affected by air currents in the room. A workaround for 

the problem was to temporarily switch off the air conditioner while weighing the 

samples. Even more important was that often (although not always) the results were 

non-repeatable when protective gloves were worn while weighing the samples, while no 

problems were observed when protective gloves were not worn. It is possible that 

wearing protective gloves caused problems related to build-up of static electricity. 

Detector response curves from NH3-TPD experiments performed on oven-aged samples 

are shown in Figure 24. To make the chart more readable, the corresponding graphs for 

samples aged in the atmosphere not containing NOx are not shown. Regarding the shape 

of the curves, no clear trends can be seen in Figure 24. The peaks appear in 

approximately the same positions, regardless of ageing time and when they do not, no 

clear connection can be drawn to the ageing time, indicating that these changes are due 

to random variations. The same tendencies would have been seen if the curves for 

samples aged without NOx had been included in the charts as well. They were not 

included to make the chart more readable. The response curves in Figure 24 have two 

maxima, one at about 250 – 300 °C and one at about 500 °C. This suggests the presence 

of two kinds of ammonia binding sites, one stronger and one weaker, which could 

perhaps correspond to Brønsted and Lewis acid vanadium sites. 

As described before, the total amount of desorbed NH3 can be determined by integrating 

the detector response curves with respect to time and comparing to results of 

calibration. This was done in this study, and the results are shown in a chart in Figure 

24. For some samples, the analysis was carried out twice with good agreement between 

the results, which indicates that the measurement method has high repeatability. 

However, for the sample that had been aged for 340 hours without NOx very strange 

values were obtained. Some more of this sample was sent to professor Odenbrand, and 

when analysis was performed again, these strange results were not repeated; instead, 

the results fell in line with expectations. Thus, it was deemed probable that the first 

batch of the sample had been contaminated and those results were therefore omitted. 

The results shown here for 340 hours of ageing without NOx were for the second batch 

of the sample. 
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The ammonia uptake seems to decrease up to an ageing time of between 200 and 340 

hours, after which it stays relatively constant, with some random variations. The 

timescale is similar to that of changes in oxygen uptake capacity, possibly indicating that 

ammonia uptake capacity is related to oxygen uptake capacity. Finally, it should be 

noted that while some differences can be seen in the results for samples aged in 

atmospheres with and without NOx, the differences are very small and can probably be 

explained by material inhomogeneity and random variations during the ageing 

procedure and characterization experiments. 

 

Figure 24: Graphs showing the detector response during NH3-TPD for the samples that were oven-aged in 
NOx-containing atmospheres. 
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Figure 25: Total amount of desorbed ammonia in NH3-TPD analyses for oven-aged samples. 

The results of XRF measurements are shown in Table 3. As described before, all XRF 

analyses were performed for samples aged in the first, NOx-containing atmosphere. For 

all investigated samples, except the one aged for 990 hours, two separate briquettes 

were made and analysed for each sample. As can be seen in Table 4, there were only 

small differences in the results between two briquettes made from the same sample, 

indicating that the analysis procedure was repeatable. The observant reader may notice 

that the percentages of the different elements for the sample in Table 4 do not add up to 

100 %. The explanation for this is that the observed elements were assumed to be 

present in their most common oxide state. Therefore, the percentage points that are 

unaccounted for correspond to oxygen. 

Some differences in vanadium content between the three reference samples 

corresponding to different radial positions can be seen, with slightly higher values at 

radial position 2 than in radial positions 1 and 3. Nevertheless, these differences are 

very small, much smaller than the previously known axial vanadium gradient through 

the catalyst. Thus, the uncertainty about from which radial position oven samples were 

taken, discussed previously, should not have any large effect on the results. 

Furthermore, no increases in the concentrations of extraneous elements could be seen, 

indicating that no impurities were present in the feed stream to the catalyst during 

ageing. 

The results in Table 3 show that evaporation of vanadium has not taken place to any 

appreciable extent, which is in line with expectations. Some differences can be seen 

between the samples 10 h, 100 h, 200 h and 990 h, but these differences are very small, 

and well within the bounds of material inhomogeneity. 
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Table 3: Bulk composition (in mass-%) of catalyst samples, as determined by XRF. 

 Ref. pos. 1  Ref. pos. 2  Ref. pos. 3  10 h  100 h  200 h  990 h 

%Al 0.93 0.90  0.96 0.94  0.94 0.98  1.03 0.98  1.04 1.00  1.08 1.04  1.14 

%As 0.01 0.01  0.01 0.01  0.01 0.01  0.01 0.01  0.01 0.01  0.01 0.01  0.01 

%Ba 0.01 0.01  0.01 0.01  0.01 0.01  0.02 0.02  0.01 0.01  0.01 0.01  0.02 

%Ca 1.7 1.6  1.6 1.6  1.6 1.7  1.8 1.7  1.7 1.7  1.8 1.8  2.1 

%Fe 0.20 0.20  0.19 0.19  0.20 0.20  0.19 0.21  0.20 0.20  0.19 0.20  0.21 

%K 0.06 0.06  0.07 0.07  0.07 0.07  0.07 0.07  0.07 0.07  0.07 0.07  0.08 

%Mg 0.12 0.11  0.14 0.13  0.14 0.13  0.15 0.14  0.15 0.15  0.16 0.16  0.17 

%Na 0.04 0.04  0.05 0.04  0.04 0.04  0.04 0.03  0.04 0.03  0.03 0.04  0.04 

%Nb 0.07 0.07  0.07 0.07  0.07 0.07  0.07 0.07  0.07 0.07  0.07 0.07  0.08 

%P 0.21 0.21  0.22 0.21  0.21 0.20  0.21 0.20  0.20 0.21  0.20 0.21  0.23 

%S 0.03 0.02  0.03 0.03  0.03 0.03  0.03 0.03  0.03 0.04  0.03 0.03  0.03 

%Si 11.8 11.5  12.2 11.5  11.7 11.6  11.6 11.3  11.5 11.5  11.6 11.4  12.1 

%Sr 0.01 0.01  0.01 0.01  0.01 0.01  0.01 0.01  0.01 0.01  0.01 0.01  0.01 

%Ti 35.5 35.8  34.4 35.3  35.4 35.3  34.7 35.1  35.0 35.1  34.7 34.9  33.5 

%V 0.84 0.84  0.90 0.90  0.86 0.88  0.96 0.95  0.94 0.94  0.92 0.92  0.94 

%W 6.0 6.2  6.5 6.9  6.4 6.5  7.0 7.0  6.8 6.8  6.9 7.0  7.2 

%Zr 0.01 0.01  0.01 0.01  0.01 0.01  0.01 0.01  0.01 0.01  0.01 0.01  0.01 

 

Comparing the vanadium content of the aged samples to that of the fresh samples yields 

a very surprising result, however. According to the analysis results, the vanadium 

content is actually higher in aged samples than in fresh samples. These results are 

unrealistic, as there is no plausible mechanism explaining how the vanadium content in 

the catalyst would increase during ageing. Instead, this indicates a problem with the 

analysis or sample preparation. As discussed above, the results suggest a relatively low 

material inhomogeneity as well as a high repeatability, so the results are likely not due 

to random errors. Instead, there seems to be some systematic error, with the method 

either giving too high vanadium values for aged samples, or too low vanadium values for 

fresh samples.  

A likely cause of the problem could be the sample preparation. It had earlier been noted 

at Scania that the texture of fresh and aged catalyst samples are different and this was 

noted in this work as well. Fresh samples have a more fibrous consistency, and are 

therefore more difficult to grind into a fine powder. As the samples need to be ground 

before analysis, this could lead to a difference in results between fresh and aged 

samples, with aged samples being more finely ground than fresh samples. To investigate 

this hypothesis, another XRF experiment for the reference sample corresponding to 

radial position 3 was carried out. In this experiment, another sample preparation 

technique was used. Instead of grinding the sample and making a briquette of the 

resulting powder, the sample was mixed with lithium tetraborate, melted and moulded 

into a glass bead. This method is more suitable for analysis of powders as it makes the 

samples homogeneous, without needing to thoroughly grind the samples (Norrish and 

Hutton, 1969). 
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Table 4: Comparison of XRF results between the two sample preparation methods. The percentages shown 
are by weight. The results are for the reference sample corresponding to radial position 3. 

 Briquette  Glass bead 
 Run 1 Run 2 Mean  Run 1 Run 2 Mean 
% Al 0,94  0,98 0,96  1,01 1,06 1,04 
% As 0,010 0,008 0,009  0,008 0,009 0,008 
% Ba 0,01 0,01 0,012  < 0,05 < 0,05 < 0,05 
% Ca 1,6 1,7 1,7  1,7 1,7 1,7 
% Fe 0,20 0,20 0,20  0,21 0,19 0,20 
% K 0,07 0,07 0,07  0,07 0,07 0,07 
% Mg 0,14 0,13 0,13  0,20 0,22 0,21 
% Na 0,04 0,04 0,041  0,12 0,15 0,14 
% Nb 0,07 0,07 0,073  0,07 0,07 0,074 
% P 0,21 0,20 0,21  0,25 0,24 0,24 
% Sb 0,03 0,03 0,028  < 0,05 < 0,05 < 0,05 
% Si 11,7 11,6 12  13,4 13,5 13 
% Sr 0,01 0,01 0,010  0,01 0,01 0,012 
% Ti 35,4 35,3 35  32,5 32,2 32 
% V 0,86 0,88 0,87  0,99 0,96 0,97 
% W 6,4 6,5 6,45  6,6 6,7 6,68 
% Zr 0,01 0,01 0,012  0,01 0,01 0,013 

 

The results of the comparison between the two sample preparation methods are shown 

in Table 4. The vanadium values obtained with the glass bead method of sample 

preparation are comparable to the results for aged samples obtained with the briquette 

method (shown in Table 3), while higher than those obtained for fresh samples with the 

briquette method. This finding supports the proposed theory that the briquette method 

of sample preparation is not ideal for fresh catalyst samples, due to the difficulty of 

finely grinding fresh samples. However, these results would also be obtained if the glass 

bead method generally yields higher values for vanadium than the briquette method. To 

exclude this possibility, measurements with the glass bead sample preparation method 

should be carried out for one of the aged samples, as well. Such measurements are 

underway at SP, but had not been finished at the time of writing. 

The results of XPS measurements are shown in Table 5. Note that the measured 

compositions are the compositions of small points in the outermost surface layers of the 

catalyst and may therefore be different from both the bulk compositions of the samples, 

as well as from the average compositions in the entirety of the surface layer. The results 

indicate that this last distinction is significant. The results for the different sample pieces 

that had been aged for 990 h indicate a rather high material inhomogeneity, as the 

composition differs significantly between different points in the same sample piece; this 

is especially apparent for the vanadium values. These results indicate that one should be 

cautious of drawing conclusions from single point XPS data for SCR catalysts. A better 

approach is to take spectra for several points on the surface and later use them to 

calculate a mean composition, which would better correspond to the overall 

composition of the outermost surface layer than would the results for the individual 

points by themselves. 
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Table 5: Results of XPS measurements. 

Sample Atomic % Atomic ratios 

 C O Ti V W Si Al Ca P V / Ti W / Ti 

Ref. pos. 2 7.1 64.0 12.1 1.3 1.7 11.1 2.2 - (0.5) 0.11 0.14 

            

10 h* 5.8 66.2 9.9 1.3 1.6 13.2 (1.5) - (0.5) 0.13 0.16 

            
200 h 8.1 62.2 10.3 2.0 1.4 13.0 1.8 - 1.1 0.19 0.13 
            

340 h 6.5 62.9 11.9 2.1 1.9 12.6 (1.0) - 1.1 0.18 0.16 

            
490 h, piece 1 7.4 61.8 11.8 2.1 1.8 12.8 (1.0) - 1.3 0.18 0.15 

490 h, piece 2 10.5 61.9 10.1 2.1 1.5 12.2 (1.0) - (0.6) 0.21 0.15 

            

700 h 10.0 62.0 11.0 1.9 1.8 11.8 (0.5) - 1.0 0.17 0.16 

            
990 h, piece 1 9.6 61.2 11.2 2.0 1.8 12.7 (0.5) - 1.1 0.18 0.16 
990 h, piece 2 – 
point 1 

8.0 64.5 11.0 2.5 1.6 11.8 - - (0.6) 0.23 0.14 

990 h, piece 2 – 
point 2 

9.0 62.7 10.8 2.3 1.4 12.1 (0.9) - (0.8) 0.21 0.13 

990 h, piece 2 – 
point 3 

8.9 62.7 10.6 1.9 1.6 12.3 (0.8) - 1.1 0.18 0.15 

990 h, piece 3 9.5 62.2 9.9 2.6 1.4 12.9 (0.7) - (0.8) 0.27 0.14 
* Some charging was observed in the spectra for this sample, which may adversely affect the accuracy of the results 

Another reason for the discrepancy in the results for vanadium can be seen in the 

spectra from which the results were calculated. The wide and detailed spectra for the 

Ref. pos. 2 sample are shown in Figure 26 and Figure 27. The detailed spectrum for O 

and V is the top spectrum on the left in Figure 27. Studying this spectrum is very 

illuminating, as it shows how small the vanadium peak is in comparison to the other 

peaks. Because of the vanadium peak being small, which is partly due to the low 

vanadium content of the catalyst, the signal to noise ratio for vanadium is very low. This 

may lead to random errors affecting the results for this element to an increased degree, 

thus contributing to the discrepancy in results for the different investigated points of the 

samples aged for 990 hours, which is present in Table 5. 

Another consequence of the V peak being small and wide is that it is difficult to 

determine the exact binding energy position of the peak. For this reason, the dominant 

oxidation state, let alone the oxidation state distribution, of the vanadium present in the 

sample cannot be derived from the spectrum. 
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Figure 26: Wide XPS spectrum used to detect what elements were present. This spectrum corresponds to the 
fresh sample (Ref. pos. 2). 

 

Figure 27: Detailed XPS spectra for the elements that were detected in the wide spectrum. These detailed 
spectra were used to quantify the composition of the surface layers of the samples. The above spectra 
correspond to the fresh sample (Ref. pos. 2). 

In order to simplify interpretation of the composition results from XPS, V/Ti and W/Ti 

ratios were calculated from the results. These values are shown in Table 5, as well. For 

the W/Ti atomic ratio, no significant changes seem to have taken place during ageing. On 

the other hand, the V/Ti ratio appears to have increased during ageing. As the XPS 

results correspond to the composition of the surface layer of the samples, this suggests a 

change in the surface concentration of the active species of the catalysts during ageing. 

One should maybe not read too much into the exact values of this ratio for each sample, 
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due to the problems with inconsistent values discussed above, but even so, it can clearly 

be seen that the value of the V/Ti ratio seems to switch between two different levels for 

the different samples; for the fresh sample and the sample aged for 10 hours, the V/Ti 

ratio takes values around 0.1, while for the aged sample, this ratio takes values around 

0.2. These results are very interesting, and could suggest that the vanadium content in 

the surface region of the samples that is probed by XPS increases during ageing. Possible 

explanations for this include a change in the surface structure of vanadium or migration 

of vanadium through the catalyst, during ageing. The timescale of the change appears 

similar to the timescale of sintering of catalytically active material, as determined by 

oxygen chemisorption experiments (see Figure 22), which could indicate that the two 

phenomena are linked. However, more studies would be needed to confirm and explain 

this change. For example, it would be interesting to perform XPS measurements while 

sputtering away the top layers to receive the local compositions of the samples as a 

function of distance from the surface (see Figure 12). 

Both observations discussed above – the increase in the V/Ti ratio due to ageing and the 

conflicting results for some of the sample pieces – can be seen more clearly by plotting 

the V/Ti atomic ratios as a function of ageing time. Such a plot can be seen in Figure 28. 

 

Figure 28: Graphic summary of how the V/Ti atomic ratio in the outermost surface layer appears to change as 
a function of ageing time. The numbers used to make the graph were taken from Table 5. 

Some interesting observations can be made by comparing the XPS results to those of 

XRF measurements. In order to make this comparison, some calculations had to be done. 

First, the XPS results were converted into mass percent. Second, only the contents of Ti, 

V, W Si, Al and P, the elements that were observed with both of the methods, are taken 

into account. The recalculated results are shown in Table 6 and Table 7. As can be seen, 

XPS shows higher contents of V, W and P, and lower contents of Ti. This indicates that 

the Ti at the outermost surface layer of the samples to some degree is masked by V, W 

and P, which are present to a higher degree at the catalyst surface than in the bulk. 
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Table 6: XRF results in mass %, recalculated to only include Ti, V, W, Si, Al and P, in order to enable 
comparison with XPS results. 

 % Ti % V % W % Si % Al % P 
Ref. pos. 1, test1 64.2 1.5 10.9 21.3 1.7 0.4 
Ref. pos. 1, test2 64.6 1.5 11.2 20.7 1.6 0.4 
       
Ref. pos. 2, test 1 62.3 1.6 11.8 22.1 1.7 0.4 
Ref. pos. 2, test 2 63.3 1.6 12.4 20.6 1.7 0.4 
       
Ref. pos. 3, test 1 63.8 1.5 11.5 21.1 1.7 0.4 
Ref. pos. 3, test 2 63.6 1.6 11.7 20.9 1.8 0.4 
       
10 h, test 1 62.5 1.7 12.6 20.9 1.9 0.4 
10 h, test 2 63.2 1.7 12.6 20.3 1.8 0.4 
       
100 h, test 1 63.1 1.7 12.3 20.7 1.9 0.4 
100 h, test 2 63.2 1.7 12.2 20.7 1.8 0.4 
       
200 h, test 1 62.6 1.7 12.5 20.9 1.9 0.4 
200 h, test 2 62.9 1.7 12.6 20.6 1.9 0.4 
       
990 h 60.8 1.7 13.1 22.0 2.1 0.4 
 

Table 7: XPS results. Only Ti, V, W, Si, Al, and P are included and the results were converted into mass %, in 
order to enable comparison with XRF results. 

 % Ti % V % W % Si % Al % P 
Ref 2 43.1 4.9 23.2 23.2 4.4 1.2 
       
10 h 37.6 5.3 23.3 29.4 3.2 1.2 
       
200 h 37.9 7.8 19.8 28.1 3.7 2.6 
        
340 h 39.5 7.4 24.2 24.6 1.9 2.4 
        
490 h, piece 1 39.5 7.5 23.1 25.1 1.9 2.8 
490 h, piece 2 38.5 8.5 22.0 27.3 2.2 1.5 
        
700 h 39.6 7.3 24.9 24.9 1.0 2.3 
        
990 h, piece 1 39.0 7.4 24.1 26.0 1.0 2.5 
990 h, piece 2 – 
point 1 

40.6 9.8 22.7 25.5 - 1.4 

990 h, piece 2 – 
point 2 

40.4 9.2 20.1 26.5 1.9 1.9 

990 h, piece 2 – 
point 3 

39.0 7.4 22.6 26.6 1.7 2.6 

990 h, piece 3 37.3 10.4 20.3 28.5 1.5 2.0 
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X-ray diffractograms for the fresh sample and the sample that was oven-aged for 990 

hours are shown in Figure 29 and Figure 30, respectively. The diffractograms are almost 

identical, and the only major crystalline phase observed is anatase. The calculated 

diffraction pattern for pure anatase, shown in red in Figure 30, corresponds very well to 

the actually observed spectrum. The small peak at 2θ = 34° in both diffractograms may 

be due to the presence of WO3. The calculated diffraction pattern of WO3 is shown in 

blue in Figure 30. Most importantly, there is no evidence of rutile in either 

diffractogram.  Therefore, it can be concluded that an ageing temperature of 550 °C is 

too low for anatase to rutile phase transformation to take place, which is in accordance 

with earlier studies. 

 

Figure 29: X-ray diffractogram for a fresh sample. 



57 
 

 

Figure 30: X-ray diffractogram for the sample that was oven-aged for 990 hours. The red and blue lines 
correspond to the theoretical diffractograms for anatase and WO3, respectively. 

5.2 Field-aged samples 

The results of nitrogen adsorption measurements on field-aged catalysts are shown in 

Figure 31 and Figure 32. The BET surface areas of the Kungens kurva, Strindberg and 

Reference (Patrik) samples are comparable to those of the oven-aged samples, which 

were aged for 10 and 100 hours at 550 °C. The BET surface area of Waltari is close to 

that of the reference sample in the series of oven-aged samples, i.e. similar to that of a 

fresh sample. The pore size distributions of the performance-tested catalysts are similar 

to each other but shifted towards smaller pores compared to oven-aged catalyst 

samples. The performance-tested sample with the largest pores, Waltari, had a pore size 

distribution similar to that of the catalyst which was subjected to oven ageing, when it 

was still fresh (i.e. the reference sample). 

No clear link can be found between nitrogen adsorption analysis results and 

performance testing results. While Kungens Kurva showed the lowest NOx reduction, it 

did not have the lowest BET area. Likewise, while the Reference (Patrik) sample showed 

the best performance during testing, it did not have the highest BET area. 

As there is only limited information available about what temperatures the 

performance-tested catalysts had been subjected to before testing, it is difficult to 

determine how well the nitrogen adsorption experiment results correlated to the 

temperatures the different catalysts had been subjected to. The only good temperature 

history comparison that can be made is between Waltari and Strindberg, where Waltari 
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had probably been subjected to thermal ageing for a longer time (inferred from the 

higher mileage of the truck it was taken from) while Strindberg had been subjected to 

higher peak temperatures. Of these catalysts, Strindberg had the lower BET surface area, 

indicating that the ageing temperature is more related to the measured BET area than is 

the ageing time. However, no conclusions should at all be drawn from the results for just 

two samples, as this could be due to a large number of other factors, such as differences 

in the catalysts from the beginning, when they were still fresh. Furthermore, the fact that 

the field-aged catalysts, which never reached temperatures as high as 550 °C, had BET 

surface areas comparable to the oven-aged samples, as well as the results of the oven-

aged samples by themselves, speak against such a conclusion, instead indicating the 

ageing time to be very important. 

 

Figure 31: BET surface areas for field-aged samples. For comparison, results for some of the oven-aged 
samples are included, as well. 
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Figure 32: BJH pore size distributions for performance-tested samples. Again, the results for some of the 
oven-aged samples are included, for comparison. 

Results of oxygen chemisorption measurements are shown in Figure 33. The oxygen 
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only cause. The sampling position from the performance-tested catalysts being different 

from that of the oven-aged samples (samples were taken from the outlet rather than 

from the middle) could possibly have explained the difference between the result for 

Strindberg and the results for oven-aged samples (due to the vanadium gradient 

through the catalyst) but if this is the only reason for the discrepancy, the difference 

compared to the other performance-tested catalysts should not be so large. Finally, it is 

possible that the oxygen chemisorption measurement on the sample from Strindberg 

was inaccurate due to the problems discussed above with the weighing of the samples 

(there was no time to perform repeated measurements of the field-aged samples). 

 

Figure 33: Oxygen chemisorption results for performance-tested samples. The results for some of the oven-
aged samples (aged in the atmosphere containing NOx) are included, for comparison. 

The oxygen chemisorption results corresponded slightly better to results of 

performance measurements than the nitrogen adsorption results did. The Reference 
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Kurva catalyst, had an even lower oxygen uptake than the Kungens Kurva sample. On 

the other hand, as discussed above, the value for Strindberg may well be inaccurate. 

Results from NH3-TPD measurements on samples from performance-tested catalysts are 

summarized in Figure 34 and Figure 35, which show the detector response curves 
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curves are similar to each other, with peaks appearing at roughly the same 

temperatures. The shapes of the curves are similar to the curves for the oven-aged 

samples as well. 

The amount of desorbed ammonia for the Reference (Patrik) and Strindberg samples 

were about as high as for the fresh sample which was later subjected to oven ageing. The 

amount of desorbed ammonia for Strindberg and Waltari was higher than that. While it 

may seem strange that the ammonia adsorption capacity for these aged samples was 

higher than for a fresh sample, it can probably be explained by the different sampling 

positions for samples from the field-aged samples and the sample that was oven-aged, as 

the vanadium content is higher at the outlet of the catalysts (where samples from field-

aged catalysts were taken) than at the middle of the catalysts (where samples from the 

catalyst that would be subjected to oven ageing were taken). As ammonia binds to 

vanadium sites on the catalyst surface, the higher vanadium contents at the outlet would 

imply a higher ammonia binding capacity. A conclusion that can be drawn from this is 

that when using NH3-TPD characterization to compare different catalysts, it is integral 

that samples are taken from roughly the same positions in the catalyst, apparently to a 

higher degree than for gas adsorption experiments, where results for samples from 

field-aged and oven-aged catalysts were more comparable to each other. 

The data are inconclusive as to whether TPD results can be linked to catalyst 

performance or not. The results for Waltari, Kungens Kurva and Strindberg suggest a 

link between low temperature performance and TPD results; Waltari, which had the 

highest low temperature performance of these catalysts, had the highest ammonia 

binding capacity according to the TPD experiment, while Kungens Kurva, which had the 

lowest low temperature performance, had the lowest ammonia binding capacity. 

Strindberg was intermediate both in ammonia binding capacity and low-temperature 

performance. However, the result for the Reference (Patrik) sample clearly contradicts 

this link. This catalyst, which had the highest low temperature performance of all 

catalysts investigated in Westbom’s degree project, showed the lowest ammonia binding 

capacity in the TPD experiments. This suggests that there is no link at all between 

performance and TPD results. However, it is possible that the performance test 

performed on this catalyst was inaccurate as in the standard cycle tests performed on 

the catalyst before Westbom got hold of it had indicated a relatively poor performance. 

Finally, it should be noted that while data for oven-aged catalysts suggested a link 

between oxygen chemisorption results and NH3-TPD results, no such correlation seems 

to exist for the field-aged catalysts. However, it is possible that there are other reasons 

for this discrepancy than there not being a link between sintering of catalytically active 

material and loss of ammonia adsorption, such as differences in vanadium content 

between the different field-aged samples, or the field-aged catalysts having been 

subjected to chemical poisoning to varying degrees. 



62 
 

 

Figure 34: Graphs showing the detector response during NH3-TPD for the performance-tested samples. 

 

Figure 35: Total amount of desorbed ammonia in NH3-TPD analyses for the performance-tested samples. 
Some results for oven-aged catalysts were added, for comparison. 
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the outlet than in the inlet, conforming to the already known axial vanadium gradient. 

The samples do not contain significantly increased levels of any extraneous elements, 

compared to fresh samples and it can therefore be concluded that chemical poisoning 

had not taken place to any significant degree. Thermal ageing should therefore have 

been the only significant mode of catalyst deactivation for the field-aged samples. It is 

unfortunate that XRF analysis was not carried out for the Strindberg and Reference 

(Patrik) samples as differences in vanadium content could perhaps have explained the 

fact that no clear correlation between results of other characterization analyses and the 

catalytic activities measured by Westbom could be found. 

Table 8: XRF results for two field-aged catalysts. 

 
Kungens Kurva, 

inlet 
Kungens kurva, 

outlet 
Waltari 

% Al 1.3 1.2 1.1 

% As - - 0.02 

% Ba 0.01 - 0.02 

% Ca 2.4 2.1 1.7 

% Cl - - 0.01 

% Fe 0.29 0.27 0.20 

% K 0.08 0.08 0.07 

% Mg 0.07 0.06 0.30 

% Na 0.08 0.08 0.05 

% Nb 0.08 0.07 0.07 

% P 0.31 0.20 0.37 

% S 0.07 0.06 0.05 

% Si 13 12 11 

% Sr 0.01 0.01 - 

% Ti 33 32 33 

% V 0.90 1.0 1.0 

% W 5.5 8.0 8.4 

% Zn 0.04 - 0.01 

% Zr 0.01 0.01 0.02 
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6 Conclusions 

The oven ageing experiments yielded some interesting results about the timescales of 

different thermal deactivation mechanisms. Nitrogen adsorption experiments gave 

information about the timescale of carrier sintering, showing that the process seems to 

gradually slow down as ageing continues, reaching an equilibrium point after around 

1000 hours of ageing at 550 °C, when the process stops. The oxygen chemisorption 

experiments gave information about the timescale of sintering of catalytically active 

material, showing that the process gradually slows down and stops after ageing at 550 

°C for 100 h. Thus, it can be concluded that the rate of sintering of catalytically active 

material is one order of magnitude higher than the rate of carrier sintering. These 

results contradict the results in (Johansson, 2012), which showed that sintering of 

catalytically active material is almost instantaneous, reaching an equilibrium point 

before 10 hours of ageing. 

The change in the capacity of the samples to store NH3 as a function of ageing time was 

investigated with NH3-TPD. It was noted that the timescale of the decrease of this 

capacity was close to that of sintering of catalytically active material, indicating that 

sintering of catalytically active material would have a larger effect on catalytic activity 

than carrier sintering. On the other hand, no link between oxygen chemisorption and 

NH3-TPD results could be seen for field-aged samples. 

In contrast to what has been observed for Pt on γ-Al2O3 catalysts in (Lööf et al., 1993), 

the presence of low concentrations of NOx in the ageing atmosphere did not appear to 

affect sintering of catalytically active material. In the present work, the concentration of 

NOx in the ageing atmosphere was 500 ppm. It is possible that an effect would have been 

observed if the concentration had been higher, although the catalyst will normally not be 

subjected to much higher NOx concentrations during operation in trucks. 

XPS was investigated as a method for studying thermal degradation. It was noted that 

due to the low concentrations of vanadium in the samples, the resolution of the 

vanadium peak in the spectrum was too low to give any information on the oxidation 

state, let alone the oxidation state distribution, of vanadium in the catalyst samples. It 

was also noted that the results for the surface composition differed between different 

points in the same sample, indicating high surface inhomogeneity of the catalyst and/or 

low repeatability of XPS measurements performed on SCR catalyst samples. This 

suggests that, in future studies, measurements should be performed for several points 

from each sample so that a mean composition can be calculated in order to obtain 

reliable values for the surface composition.  

Furthermore, the XPS measurements indicated that samples that had been aged for 200 

hours or more had a higher atomic ratio of vanadium to titanium in the outermost 

surface layer than fresh samples, suggesting either a change in the surface structure of 

vanadium or migration of vanadium through the catalyst during ageing. The timescale 

appeared similar to that of sintering of catalytically active material, but due to the 
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aforementioned problems with repeatability of XPS measurements, as well as the lack of 

XPS data for the sample that had been oven-aged for 100 hours, more experiments are 

needed before definite conclusions about this observation can be drawn. Finally, a 

comparison of the compositions calculated from XPS results to those calculated from 

XRF results shows that XPS indicates higher concentrations of V and W, at the expense of 

Ti, compared to XRF. This indicates that the surface layer of the catalyst is enriched in V 

and W, which slightly mask the presence of Ti. The fact that significant differences 

between the results of the two methods could be seen indicates that XPS would be a 

useful tool for investigating chemical poisoning. 

The characterization results of field-aged samples were more difficult to interpret. No 

clear correlation could be seen between characterization results and catalytic activity 

for these samples. One of the most important reasons for this is probably that there are 

so many unknown variables that could affect the results of characterization of field-aged 

samples. More knowledge from more fundamental studies (e.g. oven ageing studies) will 

be needed before conclusions about catalytic activity can be reliably drawn from 

characterization results. 

The difficulties of correlating characterization results of field-aged samples to catalytic 

activity, as well as the clarity with which the trends in characterization results over time, 

for oven-aged samples, could be seen in this study, compared to the earlier degree 

projects (Ekeberg, 2011) (Johansson, 2012) leads us towards a very important 

conclusion. The main methodological difference between this study and the earlier 

degree projects is that all the oven-aged samples in the present study were taken from 

the same catalyst specimen, whereas in the earlier studies, samples corresponding to 

different ageing times were taken from different catalyst specimens. The approach taken 

in this study eliminates uncertainties arising due to differences already being present in 

the samples before ageing took place. Similarly, the difficulties of interpreting the results 

for field-aged catalysts could partly be due to the samples coming from different 

catalysts. Therefore, it can be concluded that it is easier to draw conclusions when 

several samples are taken from the same catalyst specimen rather than taking each 

sample from a different catalyst specimen. 
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7 Further work 

Perform similar oven ageing studies at other temperatures 

The results of gas adsorption analyses on the oven-aged samples in this study gave 

interesting information about the rate of carrier sintering and sintering of catalytically 

active material at 550 °C. In order to be able to accurately predict lifetimes of catalysts in 

the future, similar oven ageing studies should be performed at other temperatures. 

Parameters of some very simple model for catalyst deactivation (e.g. Arrhenius 

parameters) could then be fitted to these data. 

It is easier to draw conclusions when different samples are taken from the same 

catalyst specimen 

Whenever possible, in future studies, samples should be taken from one catalyst 

specimen when results of different samples are to be compared to each other, such as 

when investigating the effect of ageing time. Naturally, this is not possible when 

investigating and comparing different field-aged catalysts, but in oven ageing studies, 

this should be the preferred method. 

It is easier to draw conclusions when samples have been subjected to well-defined 

ageing routines 

The difficulties of drawing conclusions from field-aged samples could partly be due to 

the fact that these samples had been subjected to rather poorly defined ageing. Ageing 

time, temperature, possible exposure to chemical poisons and driving behaviour of the 

driver of the trucks all differ between the different samples, in contrast to oven ageing, 

where the only difference between samples is the ageing time and temperature. When 

there are so many parameters, it is difficult to determine connections between these 

parameters and results of characterization. Therefore, at this early stage, it may be 

preferable to ensure that all samples in future studies have been subjected to well-

defined ageing routines, where only one factor is varied between the different samples. 

More studies are needed in order to determine whether NH3-TPD should be added 

to the toolbox of catalyst characterization techniques 

Comparing the oxygen chemisorption results to NH3-TPD results showed that the results 

of the two methods were very similar, suggesting NH3-TPD to be redundant, especially 

as oxygen chemisorption can be performed in-house. On the other hand, no such 

connection between the two methods could be seen for field-aged samples. Therefore, 

using NH3-TPD in future studies should not be ruled out yet. As the literature suggests a 

link between NH3-TPD and catalytic activity, some more studies trying to connect these 

variables should be performed. Furthermore, the prospect of using NH3-TPD to 

investigate samples subjected to chemical poisoning should be investigated. 

Perform XPS measurements in several points in each sample 

Probably due to a high surface inhomogeneity of the catalyst samples, XPS analysis 

yields different results depending on what points in the samples are chosen for analysis. 

For this reason, analysis should be performed for several points in each sample and a 
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mean composition should be calculated from the results in order to acquire reliable 

compositions that are representative of the entire surface layer of the samples. 

Perform XPS measurements while sputtering away the top layers to obtain 

profiles of the vanadium content in the surface layer of the catalyst samples 

The results in this study showed that the V/Ti atomic ratio increased after ageing, 

indicating a change in surface structure during ageing. To investigate this further, it 

would be interesting to investigate the compositions as functions of depth, by sputtering 

away the top layers and comparing these results between fresh and aged samples. It 

would also be interesting to see if XPS results can be related to the catalytic activity of 

catalyst samples 

Investigate XPS as a tool for studying chemical poisoning 

As XPS specifically probes the surface layer of the catalyst samples, it should be a useful 

tool for investigating chemical poisoning, which primarily affects the surface of the 

catalyst, rather than the bulk. Supporting this notion, the results in the present study 

indicated that the surface composition, as determined by XPS is very different from the 

bulk composition, as d etermined by XRF. 

It may be possible, but very time-consuming, to use SEM-EDS to investigate 

sintering of catalytically active material 

As SEM-EDS equipment is available in-house, it should be investigated whether it can be 

used to study ageing of catalyst samples. Due to the relatively low content of vanadium 

in the catalysts, and due to this vanadium generally being very well dispersed, more 

direct methods where the size of vanadium particles are measured, using SEM or TEM, 

cannot be used. A possible alternative is to collect EDS spectra in a great number of 

points (200+) in each sample in order to determine the distribution of the vanadium 

content. An even distribution with the same concentration of vanadium in all points 

indicates a sample where the vanadium is well dispersed, while an uneven distribution 

with very high concentrations of vanadium in some points and very low concentrations 

in other points would indicate that the present vanadium is poorly dispersed. This 

method was used in (Coudurier and Védrine, 2000). The obvious drawback of this 

method is that it is very time-consuming; the results may not be worth the effort. 

Investigate alternative sample preparation techniques for XRF 

The results of XRF measurements in this study indicated that the sample preparation 

method used is not ideal. The alternative method that was tested gave promising results, 

but more experiments are needed in order to decide whether the preparation technique 

should be changed. 

Be aware of the problems with the balance in the lab at Scania 

As described above, the balance in the lab at Scania sometimes gave unreliable values. 

One should be aware of this when weighing samples before performing gas adsorption 

experiments and perform an extra measurement to ensure that the balance yields 

consistent results. To mitigate the problems, the balance should be moved from its 
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position below the air conditioner. Because the sample tubes are so high that they 

cannot fit inside the enclosure used to shield the balance from air currents it should be 

looked into whether a higher shielding enclosure could be found. Finally, one should be 

aware that the problems are exacerbated when protective gloves are worn while 

weighing the samples. 

Statistically evaluate the available techniques 

On a few occasions in this project, questions arose whether an observed difference 

between the results of some samples was statistically significant or not. Such questions 

will likely arise in future work, as well. Unfortunately, such questions cannot be 

satisfactorily answered, at present, as the methods have not been evaluated statistically. 

The results of XPS measurements in the present study, where large differences were 

observed when analysis weere performed in several points in the same sample, 

illustrate the problem. To remedy the problem, a statistical investigation of the methods 

at disposal (both in-house and at external contractors) should be performed. This can 

for example be done by performing a large number of measurements (10+) on the same 

reference sample with each method. From the results, statistical parameters such as 

standard variation and repeatability can be estimated. Furthermore, some kind of 

sensitivity analysis should be performed for some techniques. I am thinking specifically 

about the gas adsorption techniques, where it is possible that the shape and size of the 

sample pieces could affect the results. This, and perhaps similar issues with the other 

techniques, should be investigated. 
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