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ABSTRACT 
NOx emissions from diesel vehicles are a currently well-discussed matter due to the related 
health and environmental issues. At the same time, diesel vehicles are an important part of 
transportation in society as diesel engines are more fuel efficient than gasoline engines. NOx 
emissions are regulated by European standards, this put demands on a well-functioning 
exhaust gas aftertreatment system that lower the NOx emissions for the whole lifetime of the 
vehicle. One of the most effective solutions is by reduction of NOx with ammonia over a SCR 
catalyst. Cu/SSZ-13 zeolite has shown to be a promising SCR catalyst. SCR catalysts are 
however deactivated by several different mechanisms, where sulfur poisoning is a significant 
mechanism. There are many different factors that will influence how sulfur impacts the 
catalyst. Different catalyst materials are more or less sulfur tolerant. The form of sulfur is 
important as well as both temperature and availability of ammonia. It is thus important to 
investigate how sulfur affects the SCR catalyst.  

The aim of this master’s thesis project was to develop a method for measuring sulfur tolerance 
of different SCR catalysts and to gain understanding of sulfur poisoning of Cu/SSZ-13 
catalysts. A literature study on sulfur poisoning of SCR catalysts with a focus on Cu/SSZ-13 
was first carried out. Followed by an experimental part in a rig at Scania CV AB in Södertälje, 
where the method was developed.  

A method that can be used for testing SCR catalysts on sulfur tolerance after SO2 exposure 
was successfully achieved. The experimental procedure was designed to consist of eight steps, 
including de-greening, sulfur poisoning, regeneration at two temperatures and catalyst activity 
test after each step. Clear differences on NOx conversion between fresh, sulfated and 
regenerated catalysts are observed when using the method. Three different sulfation 
temperatures were evaluated where the lower sulfation temperatures, 220 ⁰C and 280 ⁰C, 
caused a larger impact on NOx conversion compared to sulfation at 350 ⁰C. Two different 
catalysts were compared on their NOx conversion over fresh, sulfated and regenerated catalysts. 
The method was correlated to engine aging with respect to sulfur exposure, sulfur capture, gas 
and temperature conditions and activity loss. The method corresponds to approximately 
430 000 km driving based on sulfur exposure over the catalyst. The lab method is best 
comparable to a SCR catalyst located first in the exhaust gas aftertreatment system in a 
vehicle, based on two conclusions. (1) Poisoning is performed with only SO2. (2) Standard 
SCR conditions occur in the activity test.  

The method should be further developed by enabling testing of NOx conversion at fast and 
slow SCR conditions. More work should be carried out on the correlation to vehicle aging by 
comparision with engine aged catalysts.  

 

  

 



 

3 
 

SAMMANFATTNING 
NOx-utsläpp från dieselfordon är ett aktuellt ämne som diskuteras på grund av dess relaterade 
negativa effekter på hälsa och miljö. Samtidigt är dieselfordon en viktig del av dagens 
transporter i och med att dieselmotorer är mer bränsleeffektiva än bensinmotorer. NOx-
utsläpp är reglerade av EU standarder vilket ställer krav på väl fungerande 
avgasefterbehandlingssystem som minskar utsläppen under hela fordonens livslängd. En av de 
mest effektiva teknikerna är reduktion av NOx med ammoniak över en SCR-katalysator. 
Cu/SSZ-13 zeolit har visat sig vara en lovande SCR-katalysator. Ett problem med detta 
system är att SCR katalysatorn deaktiveras av olika orsaker där svavelförgiftning är en 
betydande orsak.  Många olika faktorer inverkar på hur svavel påverkar katalysatorn. Olika 
katalysatormaterial är mer eller mindre svaveltåliga. I vilken form svavel befinner sig i är 
viktigt samt temperatur och närvaro av ammoniak. Det är därmed viktigt att undersöka 
svavels påverkan av SCR katalysatorn. 

Målet med detta examensarbete var att utveckla en metod för att mäta svaveltålighet hos olika 
SCR katalysatorer samt att bidra med förståelse kring svavelförgiftning av Cu/SSZ-13 
katalysatorer. Projektet har genomförts genom en litteraturstudie kring svavelförgiftning av 
SCR katalysatorer med fokus på Cu/SSZ-13. Följt av en experimentell del som utförts i en 
rigg på Scania CV AB i Södertälje, där metoden utvecklats.  

En metod som kan användas för att mäta svaveltålighet hos SCR katalysatorer efter SO2-
förgiftning har tagits fram under projektet. Den experimentella metoden består av åtta 
steg; ”De-greening”, svavelförgiftning, regenerering vid två temperaturer och aktivitetstest 
efter varje steg. Tydliga skillnader på NOx-omsättning mellan färsk, svavelförgiftad och 
regenererad katalysator kan ses när metoden används. Tre olika förgiftningstemperaturer 
utvärderades. Förgiftning vid 220 ⁰C och 280 ⁰C orsakade en större påverkan på NOx-
omsättning än förgiftning vid 350 ⁰C. Två olika katalysatorer har jämförts med avseende på 
deras NOx-omsättning för färsk, svavelförgiftad och regenererad katalysator. Metoden har 
korrelerats till svavelåldring i fordon med avseende på svavelexponering, svavelinfångning på 
katalysatorn, gas och temperaturförhållanden samt aktivitestapp. Labbmetoden motsvarar ca 
430 000 km körning baserat på svavelexponeringen. Metoden är bäst jämförbar med en SCR 
katalysator placerad längst fram i avgasefterbehandlingssystemet på ett fordon baserat på två 
punkter. (1) Förgiftningen utförs med endast SO2. (2) Standard SCR förhållanden råder 
under aktivitetstestet. 

Metoden bör vidare utvecklas genom att möjliggöra testning av NOx-omsättning under 
förhållanden för snabb och långsam SCR. Den bör även fortsätta korreleras med motoråldring 
genom att jämföra labbåldrade med motoråldrade SCR katalysatorer.   
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ABBREVATIONS 
ANR Ammonia to NOx ratio 
ASC Ammonia slip catalyst 
CHA Chabazite framework structure 
CO Carbon monoxide 
CO2 Carbon dioxide 
DOC Diesel oxidation catalyst 
DPF Diesel particulate filter 
DRIFTS Diffuse reflectance infrared fourier transform spectroscopy 
FTIR Fourier transform infrared spectroscopy 
GHSV Gas hourly space velocity 
HC Hydrocarbon 
ICP Inductively coupled plasma 
MFI ZSM-5 framework structure 
N2 Nitrogen 
NH3 Ammonia 
(NH4)2SO4 Ammonium sulfate 
NH4HSO4 Ammonium bisulfate 
NOx Oxides of nitrogen (NO + NO2) 
NO Nitrogen oxide 
NO2 Nitrogen dioxide 
N2O Nitrous oxide 
O2 Oxygen 
PM Particulate matter 
SCAT-rig Synthetic gas catalytic activity testing rig 
SCR Selective catalytic reduction 
SO2 Sulfur dioxide 
SOx Sulfur oxides (SO2 + SO3) 
SO3 Sulfur trioxide 
TGA Thermogravimetric analysis 
TPD Temperature programmed desorption 
ULSD Ultra low sulfur diesel 
VSCR Vanadia based SCR catalyst 
XPS X-ray photoelectron spectroscopy  
XRF X-ray flouorescence 
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1. INTRODUCTION 
Diesel engines are an important part of transportation in society today. The diesel engines are 
more fuel efficient than gasoline engines, as they are operated under lean conditions and high 
compression.  While the lean conditions makes diesel engines fuel efficient, this also causes an 
increase of undesired nitrogen oxide, NOx, emissions causing both health and environmental 
issues [1].  

Selective catalytic reduction (SCR), is one of the most effective techniques to reduce NOx 
emissions in lean exhaust gases and is usually part of the exhaust gas aftertreatment system in 
diesel trucks today. In SCR technology, NOx reacts with ammonia over a catalyst and form 
water and nitrogen [2]. The catalyst can be of many different materials, two of the most 
common are vanadia based catalyts and Cu-zeolites. Vanadia based catalysts are a proven 
technology that have been widely used whereas Cu-zeolites has gained more interest during 
the latest years. Especially small-pore copper zeolites with chabazite structure, such as 
Cu/SSZ-13, have been found to be a promising SCR catalyst [1].  

NOx emissions are regulated by EU emission standards with the currently valid Euro VI 
standard. The legislations have during the past years become stricter and in the future even 
more stringent legislations are expected [3]. This put demands on the exhaust gas 
aftertreatment system and SCR catalyst to become more effective and durable for the whole 
lifelenght of the vehicle [4].  

The SCR catalyst are, however, deactivated/aged by several different mechanisms. Sulfur 
exposure originating from fuel and oil is one cause of deactivation of the SCR catalyst. There 
are many different factors that influence how sulfur impacts the catalyst. Different catalyst 
materials are more or less sulfur tolerant, the form of sulfur cause different impact as well as 
both temperature and availability of ammonia. It is thus interesting to investigate how sulfur 
affects the SCR catalyst.  

In this master’s thesis project a method for measuring sulfur tolerance of different SCR 
catalysts, by accelerated aging and activity testing in lab scale, is developed. In addition, 
understanding of sulfur poisoning of Cu/SSZ-13 catalysts is gained.     
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2. ABOUT THE PROJECT 
This master’s thesis project is performed as a part of the engineering program Sustainable 
Process Engineering at Luleå University of Technology. The project is carried out at Scania CV 
AB in Södertälje in the department Materials Technology under Research & Development.  

2.1 Objective 
The aim of this project was to develop a method to test SCR catalysts with respect to their 
sulfur tolerance and to gain understanding of sulfur poisoning of Cu/SSZ-13 catalysts. The 
method should enable comparison of sulfur tolerance between different SCR catalysts. The 
regeneration possibilities of the catalysts should be evaluated. 

The aim was achieved by a literature study on sulfur poisoning of SCR catalysts with a focus 
on Cu/SSZ-13. Based on the literature study, an experimental part was performed with 
accelerated lab aging and activity testing in order to develop the method. Through the 
literature study and the results from the developed method understanding of sulfur poisoning 
of SCR catalysts was gained.  

2.2 Problem formulation 
There are many different factors that influence how sulfur impacts the catalyst. In addition, 
the effects of the sulfur poisoning is more or less distinguishable depending on how the 
activity is tested on a sulfated catalyst. In the vehicle the conditions are always changing with 
respect to temperature and gas concentrations. In the lab aging the conditions must be 
controlled in order to be able to connect the effects to the sulfur exposure. At the same time 
the lab aging should be correlated to vehicle aging.  

The questions that should be answered during the project are: 

• How should the catalyst be exposed to sulfur (temperature, concentration of SO2, time)? 
• How should the activity be tested (temperature, NO2/NOx)? 
• How should regeneration possibilities be evaluated (temperatures, time, gas conditions)? 
• How does the lab aging correlate to engine aging (sulfur exposure, capture, storage, gas 

conditions and temperatures)? 
 

2.3 Expected benefit 
The expected benefit of this project for Scania is to be able to test different SCR catalysts 
with respect to their sulfur tolerance under controlled conditions and to achieve a tool for 
better understanding of sulfur poisoning of SCR catalysts.  
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3. BACKGROUND 
The background section covers theory about exhaust gases from diesel engines and diesel 
exhaust gas aftertreatment with a focus on the NOx reduction with SCR catalyst and theory 
regarding catalyst deactivation. This is followed by an investigation on sulfur poisoning of 
SCR catalysts with a focus on Cu-zeolites with chabazite structure.  

3.1 Diesel engine 
The diesel engine was invented by Rudolf Diesel in 1893 and has since then become a 
popular engine due to its fuel economy, engine durability, low maintenance requirements and 
large indifference to fuel specification. Compared to the gasoline engine the diesel engine has 
a higher fuel efficiency [2]. Regarding greenhouse gases, a diesel engine is therefore a better 
choice than a gasoline engine. At the same time, the diesel engines generates more emissions 
of some undesired pollutants. These pollutants must be reduced by an exhaust gas 
aftertreatment system [2].  

3.2 Exhaust gases from a diesel engine 
Diesel fuel is a mixture of hydrocarbons in the range C8 to C21. In an ideal combustion of 
diesel the exhaust gas would consist of only CO2, H2O and N2. The composition of the 
exhaust gas from diesel engines is shown in Figure 1, where CO2 and H2O originate from the 
combustion of the fuel and O2 from the unused air charged to the engine. The pollutants 
originate from unideal processes during combustion, unwanted reactions between components 
under high temperatures and pressures, combustion of engine lubricating oil and additives and 
combustion of non-hydrocarbon compounds such as sulfur. The pollutants can have a 
negative impact on health and environment and thus some of them are regulated by EU 
standards [5].  

 

 
Figure 1. Typical composition of diesel engine exhaust gases [5]. 
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There are four main pollutants that are regulated in diesel exhaust gases; nitrogen oxides 
(NOx), particulate matter (PM), carbon monoxide (CO) and hydrocarbons (HC) [6]. PM 
consists mainly of soot, condensable hydrocarbons and lube oil combustion ash [7]. 

3.3 NOx formation and effects 
Combustion of fuels in engines and power plants are a major source of NOx emissions [2]. 
The formation of NOx is usually described by three methods, thermal, fuel and prompt NOx. 
The majority of NOx produced in a diesel engine originate from thermal NOx. Thermal NOx 
formation occurs under high temperatures when nitrogen and oxygen present in the air react. 
Fuel NOx formation occurs when nitrogen chemically bond in the fuel, react with excess 
oxygen during the combustion process. Prompt NOx formation is formed when hydrocarbon 
fragments react with nitrogen and form nitrogen species. These species can then oxidize to 
form NOx [8]. NOx in the exhaust gases usually consists of 90 % NO [9].  

NOx compounds are air pollutants that leads to a number of environmental problems [10]. 
NOx are components of acid rain, as NO2 forms nitric acid in contact with water vapour in 
the clouds. Also, NOx are part of the generation of photochemical ozone, smog, by a reaction 
with hydrocarbons, both NO2 and ozone are toxic. Another nitrogen oxide is N2O, which is a 
strong green-house gas that contributes to the global warming [2].  

 

3.4 European emission standards 
In order to limit the emissions from heavy-duty diesel engines, there are legislations. In 
Europe, heavy-duty vehicles are regulated by EU emission standards called Euro I to Euro VI. 
The first European emission standard for heavy-duty trucks was introduced in 1988. The 
“Euro classification” was established in 1992, with Euro I. The current standard is Euro VI, 
which was introduced in January 2013 [4]. The durability requirements for Euro VI trucks 
≥16 tons, are 700 000 km or 7 years [11].  

In the tables below, the EU emission standards are shown, where Table 1 shows emission 
standards applicable to diesel engines only, with steady-state emission testing requirements 
and Table 2 shows standards applicable to both diesel and gas engines, with transient testing 
requirements. As can be seen when comparing the Euro standards in the table, the restrictions 
have been stricter for each new standard. For the steady-state testing, NOx limits have been 
reduced from 8.0 g/kWh in the first standard to 0.4 g/kWh for the current standard [12]. 
Even lower limits can be expected for future standards [3].  
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Table 1. EU Emission standards for heavy-duty diesel engines: steady-state testing [12].   

Stage Date Test CO HC NOx PM PN Smoke 
g/kWh 1/kWh 1/m 

Euro I 1992 (<85 kW) R-49 4.5 1.1 8.0 0.612   
1992 (>85 kw) 4.5 1.1 8.0 0.36   

Euro II October 1996 4.0 1.1 7.0 0.25   
October 1998 4.0 1.1 7.0 0.15   

Euro III October 1999  
 EEV  only 

ESC & ELR 1.5 0.25 2.0 0.02  0.15 

October 2000 ESC & ELR 2.1 0.66 5.0 0.10 
0.13a 

 0.8 

Euro IV October 2005 1.5 0.46 3.5 0.02  0.5 
Euro V October 2008 1.5 0.46 2.0 0.02  0.5 
Euro VI January 2013 WHSC 1.5 0.13 0.4 0.01 8.0∙1011  
aPM=0.13 g/kWh for engines <0.75 dm3 swept volume per cylinder and a rated power speed >300 min-1 

EEV– enhanced environmentally-friendly vehicles 
 
Table 2. EU Emission standards for heavy-duty diesel and gas engines: transient testing [12]. 

Stage Date Test CO NMHC CH4
a NOx PMb PNe 

g/kWh 1/kWh 
Euro III October 1999 EEV 

only 
ETC 3.0 0.40 0.65 2.0 0.02  

October 1999 5.45 0.78 1.6 5.0 0.16c  
Euro IV October 2005 4.0 0.55 1.1 3.5 0.03  
Euro V October 2008 4.0 0.55 1.1 2.0 0.03  
Euro VI January 2013 WHTC 4.0 0.16d 0.5 0.46 0.01 6.0∙1011 
aFor gas engines only 
bNot applicable for gas fuelled engines at the EuroIII-IV stages 
cPM=0.21 g/kWh for engines <0.75 dm3swept volume per cylinder and a rated power speed >3000 min-1 
dTHC for diesel engines 
eFor diesel engines; PN limit for positive ignition engines TBD 
 

3.5 Sulfur in exhaust gases 
Sulfur in raw diesel exhaust gases originates from sulfur in fuel and engine lubricating oil [13]. 
During the last decade the sulfur content in the diesel fuel has been reduced significantly in 
order to decrease the SO2-level in the atmosphere and to enable usage of high-efficiency 
diesel exhaust aftertreatment systems that are sulfur sensitive. The Ultra low sulfur diesel, 
ULSD, containing less than 10-15 ppm of sulfur, is the fuel used in North America and 
Europe today [14].  

The concentration of sulfur oxides, SOx, in the engine exhaust gases is related to the air fuel 
ratio and the sulfur content of the diesel fuel, this correlation is shown in Figure 2 [15].  
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Figure 2. Correlation of sulfur content in fuel and concentration of SOx in engine out exhaust gases for three typical air/fuel mass ratios 
[15].  

Sulfur in diesel exhaust gases are most commonly in form of SO2, but can also be oxidized 
into SO3 [13]. If the Diesel oxidation catalyst (DOC), is located before the SCR, as in the 
Euro VI system, some of the SO2 is oxidized to SO3, as the DOC catalyzes oxidation reactions 

(DOC is explained in section 3.7) [16].  

3.6 Exhaust gas aftertreatment 
In order to decrease the pollutant emissions from the diesel engines, an exhaust gas 
aftertreatment system must be used [6]. In Figure 3, Scanias Euro VI aftertreatment system is 
shown. The system consists of a DOC, followed by a diesel particulate filter (DPF), two 
selective catalytic reduction units (SCR), and two ammonia slip catalysts (ASC).  

 
Figure 3. Scania Euro VI emission control system [17] 

By using the combination of DOC, DPF and SCR it is possible to achieve a significant 
reduction of the four major pollutants. CO and HC is removed by oxidation in the DOC, 
PM is removed in the DPF and NOx is reduced in the SCR. The ASC is used to take care of 
ammonia that slipped from the SCR [7].  
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3.7 Diesel oxidation catalyst, DOC 
The DOC is used to remove emission components such as CO, HC and the organic fraction 
of diesel particulates (SOF) by oxidizing them to CO2 and water vapor [16].  

As long as the DOC is located before the SCR, the reactions over the DOC will affect the 
conditions over the SCR. Two of the reactions that are most important for the SCR 
conditions are described below [16]. Oxidation of NO to NO2 occurs over the DOC 
according to reaction R.1. The ratio between NO and NO2 in the gas entering the SCR is 
important for the SCR reaction, this is described in section 3.8.1 SCR Reactions [16].  

𝑁𝑂 + 1 2𝑂! ↔ 𝑁𝑂!         (R.1) 

Oxidation of SO2 to SO3 occurs on the DOC according to reaction R.2. SO3 then forms 
sulfuric acid in presence of water, according to reaction R.3 [16]. The form of sulfur is 
important for the SCR catalyst, as SO2 and SO3 have different impacts on the catalyst, this is 
discussed in section 3.9.1.3 Sulfur poisoning of Cu-zeolite.  

2𝑆𝑂! + 𝑂! ↔ 2𝑆𝑂!                   (R.2) 

𝑆𝑂! + 𝐻!𝑂   ↔ 𝐻!𝑆𝑂!                  (R.3)
     

3.8 Selective catalytic reduction, SCR 
Selective catalytic reduction, SCR, of NOx with NH3 was discovered in 1957 [18] and is 
considered to be the most efficient method to reduce NOx emissions in lean exhaust gases. In 
the first applications, SCR systems were used in stationary power sources. Later on the SCR 
technology has been an important application also in mobile sources [19]. 

The first commercial lean deNOx system for mobile applications was a lean NOx trap (LNT) 
on the European Toyota Avensis in early 2000s. The first wide-scale use of deNOx was 
however the implementation of SCR for heavy-duty trucks in Europe in 2005 [20]. Other 
techniques that are used for NOx reduction are so called three-way catalysts for gasoline 
engine exhaust and NOx storage and reduction (NSR) catalysts [20].  

The reduction of NOx is performed by reaction with ammonia. However, ammonia is toxic 
and also difficult to store and transport. Therefore urea is normally used as reductant, as it is 
more stable and also is a harmless compound [21]. The urea is entered to the exhaust by the 
urea injector, which is designed to disperse fine droplets of 20-100 𝜇m in size into the exhaust. 
Low-temperature NOx reduction are limited by urea injection issues. Normally urea injection 
to the system starts at 200 ⁰C [2]. Generally it can be said that it is required that the SCR 
catalyst has a high performance in the temperature range of 200-500 ⁰C [22]. 
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3.8.1 SCR Reactions 
As mentioned before, urea is usually injected as source for ammonia. Urea hydrolyses in the 
system according to reaction R.4 [2]. 

𝐶𝑂 𝑁𝐻! ! + 𝐻!𝑂 → 2𝑁𝐻! + 𝐶𝑂!  (R.4) 

The major desired SCR reactions are R.5-R.7. R.5 is known as the “standard SCR”,  R.6 as 
“fast SCR” and R.7 as “slow SCR” [23]. The rate of the fast SCR reaction is increased with an 
increase of the NO2/NOx-ratio until NO2/NOx=1. If a higher ratio between NO2 and NOx 
occurs, reaction R.7 will also be operative.  

4𝑁𝐻! + 4𝑁𝑂 + 𝑂! → 4𝑁! + 6𝐻!𝑂  “Standard SCR” (R.5)  
4𝑁𝐻! + 2𝑁𝑂 +   2𝑁𝑂! → 4𝑁! + 6𝐻!𝑂  “Fast SCR” (R.6)  
8𝑁𝐻! + 6𝑁𝑂! →   7𝑁! + 12𝐻!𝑂  “Slow SCR” (R.7) 

Some undesired reactions occurs over the SCR catalyst. Reaction R.8 occur at high NO2/NOx 
ratios, forming the strong green-house gas N2O [18]. 

𝑁𝐻! + 𝑁𝑂! → 1 2𝑁! + 1 2𝑁!𝑂 + 3 2𝐻!𝑂     (R.8) 

At temperatures higher than 500 ⁰C, oxidation of NH3 occur on the catalyst according to 
reaction R.9, resulting in a limitation of the NOx conversion [23].  

4𝑁𝐻! + 5𝑂! → 𝑁𝑂 + 6𝐻!𝑂  (R.9) 

At temperatures lower than 200 ⁰C, NO2 can form ammonium-nitrate with NH3, according 
to reaction R.10 [23].  

2𝑁𝐻! + 2𝑁𝑂! → 𝑁𝐻!𝑁𝑂! + 𝑁! + 6𝐻!𝑂    (R.10) 

The undesired oxidation of SO2 (reaction R.2) can also occur over the SCR catalyst [24], [25].  

3.8.2 SCR Catalyst Materials 
There are three common types of SCR catalysts, vanadia based SCR (VSCR), Cu-zeolites 
and iron-zeolites. In this work the VSCR and Cu-zeolite are considered.  

3.8.2.1 Vanadia based SCR catalysts 
VSCR catalysts are a proven technology that are commonly used in Euro IV,V and VI 
applications [15]. It is the cheapest of the SCR catalysts [18] and is known to be sulfur 
tolerant [19]. The optimal operating temperatures for VSCRs ranges between approximately 
280-500 ⁰C [18], [26], [27], but it operates also at lower temperatures, with a lower NOx 
conversion [27].  

A typical composition of a vanadia based SCR is a V2O5/WO3/TiO2 mixture, where V2O5 is 
the active component, TiO2 the carrier material and WO3 is added as a thermal promoter and 
to increase the acidity of the catalyst [19]. The drawbacks of the VSCR is that it has a rapid 
decrease in activity and selectivity after being exposed to high temperatures (it deteriorates at 
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temperatures of 550-600 ⁰C [18]) or upon alkali poisoning [27]. Also the toxicity of vanadia 
species is an issue [27]. 

3.8.2.2 Cu-zeolites as SCR catalysts 
The Cu-zeolites have during the last years become the preferred catalyst for high-performing 
systems [18] and are used in Euro VI applications [19]. The advantages with using Cu-
zeolites as SCR catalyst are their hydrothermal durability and their high NOx activity in the 
temperature range 150-600 ⁰C [28]. Cu-zeolites have the best low temperature performance 
and also show least sensitivity on activity due to variations in NO2 concentration [18]. Cu-
zeolites are, however, known to be more sulfur sensitive than the VSCRs [20].   

In 1986, Cu/ZSM-5  (MFI framework) was discovered as an efficient SCR catalyst. After 
this, also other Cu-exchanged zeolites such as BEA and Y have been studied [10]. Recently 
more interest has been shown towards catalysts with small-pore structures, where most focus 
is on Cu/SSZ-13 and Cu/SAPO-34. Both these catalysts are of chabazite structure but with 
different elemental composition. Cu/SSZ-13 is a zeolite whereas Cu/SAPO-34 is a 
silicoaluminoposphate [29]. When comparing the catalysts of small-pore structure with 
zeolites with a larger-pore structure, the former has been found to be more hydrothermally 
stable, have a higher NOx activity and selectivity over the interesting temperature range, have 
less formation of the undesired by-product N2O [29] and be less susceptible for HC poisoning 

[18]. When Cu/SSZ-13 and Cu/SAPO-34 have been compared, it was found that 
Cu/SAPO-34 was more hydrothermally stable than Cu/SSZ-13 [10].  

3.8.2.3 MFI Framework 
The MFI framework is composed of a combination of two interconnected channel systems 
built up by ten-membered rings. Straight channels are intersected by zigzag channels with 
pore openings of ca 5.6 Å [30]. Figure 4 shows the structure and pore connectivity of a MFI 
network. 

 
Figure 4. Structure and pore connectivity in MFI framework [31].   
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3.8.2.4 Chabazite framework 
The chabazite framework is composed of double six-membered rings connected in an 
AABBCC sequence forming cavities with eight-membered windows, see Figure 5 [32]. The 
eight membered rings have pore openings of 3.8 Å [10].  

 
Figure 5.Chabazite framework. a) Part of the chabazite framework with the atoms forming the large cavities. b) The large chabazite 
cavity with 6- and 8- membered rings [32].  

The hydrothermal stability of the chabazite zeolites is explained by the small-pore structure 
making it difficult for dealumination products (aluminium moieties) to leave the pores [1]. 
Dealumination is the main reason for the collapse of the zeolite [10].  The resistance for HC 
poisoning is also explained by the small-pore structure as HC is not allowed to diffuse into 
the pores and adsorb on the active sites [18]. 

 

3.8.2.5 Acide sites on Cu-zeolites 
There are two types of acid sites on zeolites; Brønstedt acid sites and Lewis acid sites. 
Brønstedt acid sites are substances which can donate protons (H+). Lewis acid sites are 
substances that can accept electron pairs [33]. In Figure 6, the Brønstedt and Lewis acid sites 
over a zeolite is illustrated [34].  

 
Figure 6. Brønstedt acid sites and Lewis acid sites over zeolites [34].  

In Cu-zeolites, Cu-ions are ion-exchanged against H+ in the zeolite providing active sites. 
The Cu-exchange over the catalyst is usually not complete, thus there are still H+ available on 
the catalyst providing Brønstedt acid sites [22]. 
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3.8.2.6 Active sites on Cu-Chabazite 
It is known that the Cu-sites are active sites for SCR reactions over Cu-zeolites [35]. There 
are different types of Cu-sites, which are active for different types of reactions [36]. The Cu-
sites are located in both the six and eight membered rings [37].  

The copper loading is important for activity and selectivity of the zeolites. The rate of 
oxidation reactions for both Cu/BEA and Cu/SSZ have been found to be higher on the over-
exchanged copper zeolites, whereas the opposite results were found for the SCR reaction [36]. 
The exchange level of the material is based on the Cu/Al (atomic) ratio and is considered to 
be stoichiometric at a ratio of 0.5, assuming all copper is in form of Cu2+. When this ratio is 
larger than 0.5, the copper is considered to be “over-exchanged” and is possible when copper 
also binds to Al and the charge is compensated by an (Si-O-)-group [36].  

For Cu/SSZ-13, it has been suggested that copper is preferentially ion-exchanged into sites in 
the six-membered rings [38], [39]. For higher loadings, the copper is starting to be ion-
exchanged also into large cages [40] or forms CuxOy species [38]. It has been proposed that 
the main SCR activity in Cu/SSZ-13 derives from the copper in the six-membered rings [41]. 

The role of the Brønstedt acid sites is not well understood [37]. It has been suggested that 
Brønstedt acid sites can catalyze part of the reaction [43], but also that the effect of these sites 
are rather limited [22]. 

3.8.2.7 SCR Reaction mechanism over Cu-zeolite 
The SCR reaction mechanism over Cu-zeolites have been widely discussed but is still not 
fully understood. Independent of the catalyst used for the SCR reaction, it can be divided into 
a reduction part and an oxidation part. The reduction corresponds to the steps where NH3 

reacts with NO to nitrogen and the catalytic site is reduced. The oxidation part corresponds 
to the reoxidation of the active site and the activation of NO [22].  

In Figure 7, one of the more recently suggested SCR mechanisms over a Cu-zeolite is shown, 
the reaction path can be applied to any metal ions that are capable of one-electron redox 
reaction [22]. Two reaction cycles are presented, representing the fast SCR cycle (in blue) and 
the NO activation/Standard SCR cycle (in black). The NO-activation cycle and fast SCR 
cycle consists of the same reduction steps but have different oxidation steps, which are 
dependent on the amount of available NO2.  

The NO activation cycle starts with the oxidation of NO, step (1), forming a Cu-nitrate 
species (B) on a Cu+-site (A). The Cu-nitrate species (B) reacts with NO forming NO2 and a 
nitrite species (C) in step (2). This is the oxidation part of the standard SCR. The NO2 
formed in step (2) is used in step (8) to form an identical nitrite species (C). In step (3), the 
nitrite species (C) react with NH3 forming a Cu2+-NO2-NH3 species (D). In step (4), the 
Cu2+-NO2-NH3 species (D) decompose to N2, H2O and a Cu2+-OH- species (E). In step (5), 
the Cu2+-OH- species (E) reacts with NO and NH3 and form a Cu+-NOOH species (F). In 
step (6), H2O releases from species (F) and form a Cu+-NONH2 species (G) and in step (7), 



 

12 
 

N2 and H2O releases from (G) and the initial Cu+ -site is recovered. This is the reduction 
steps of the SCR reactions.  

As mentioned above the reduction steps are the same for the standard and fast SCR and thus 
also the rate of these steps. At standard SCR conditions, no excess NO2 is available and the 
fast SCR cycle is limited by the amount of NO2 available. This results in equal rates of the 
fast SCR and NO-activation cycle. At excess NO2, the fast SCR cycle is not limited by NO2 
available and the result is that the rate of the fast SCR is higher than of the standard SCR.  

 
Figure 7. Suggested reaction mechanism for SCR reaction in a Cu-zeolite. Fast SCR cycle is shown in blue, NO activation cycle in 
black. Reactants are shown in red, reaction product in black and NO2 intermediates in green [22].  

 

3.9 Catalyst deactivation 
Catalyst deactivation is the loss of catalyst activity and/or selectivity over time. There are  
three types of deactivation mechanisms; chemical, mechanical and thermal. These are further 
divided into six mechanisms of catalyst decay where chemical deactivation can occur through 
poisoning, vapor formation or vapor-solid and/or solid-solid reactions, mechanical 
deactivation through fouling or attrition/crushing and thermal by thermal degradation such as 
sintering. In this work poisoning and fouling are the most important types of degradation [42]. 

Poisoning is when strong chemisorption of species occur on catalytic sites and thus blocks 
these sites for catalytic reaction. If a species act as a poison depends on its adsorption strength 
compared to the other species competing for catalytic sites. The poisoning species can either 
just physically block the adsorption sites or it may induce changes in the electronic or 
geometric structure of the surface. The poisoning can be either fast or slow depending on the 
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concentration of the poison and either reversible or irreversible depending on the strength of 
poison adsorption [42]. 

Fouling is when physical deposition of species from a fluid phase occur on the catalytic surface 
and in the catalyst pores. This leads to a physical blockage of sites and/or pores which results 
in activity loss [42].  

3.9.1 Sulfur poisoning of SCR catalysts  
Sulfur poisoning of SCR catalysts has been widely studied, but are still not fully understood. 
This background study covers sulfur poisoning of VSCR catalysts and Cu-zeolites, with a 
focus on Cu-zeolites since the former are known to be rather sulfur tolerant whereas the latter 
are sulfur sensitive. Regarding the Cu-zeolites, especially the small-pore chabazite structured 
catalysts Cu/SSZ-13 and Cu/SAPO-34 are studied.  

The majority of the studies in this review investigate sulfurs impact on SCR-activity of the 
catalysts by accelerated aging in lab flow reactors. The accelerated lab aging is performed by 
exposing the catalysts for sulfur in different forms, under different conditions. The different 
sulfation methods can generally be divided into SO2 exposure, SO2 exposure under SCR-
conditions (presence of ammonia) or SO3 exposure, at different temperatures. There are also 
some studies investigating sulfur poisoning by using high sulfur fuel in engine cell testing. 

The most commonly used experimental procedure for investigating sulfurs impact on SCR-
activity is shown in Figure 8. Starting with a fresh catalyst activity test followed by the sulfur 
exposure of the catalyst and finally a new activity test. Another experimental procedure that is 
used in some studies is proceeded by sulfur exposure during the activity test and in that case, 
the activity changes with sulfur exposure are reported. 

 
Figure 8. Commonly used experimental procedure. 

Except for sulfurs impact on SCR-activity, other properties of the catalyst are investigated by 
different characterization methods in order to understand the poisoning mechanism better. In 
this work, focus lies on the impact on activity but it is also necessary to bring up some 
characterisation results to be able to evaluate the accelerated lab aging and compare it to 
engine aging.  

It is important to separate the sulfur poisoning procedure from the activity test, see Figure 8, 
regarding temperatures and SCR conditions (presence of ammonia). During the activity test, 
SCR conditions will always occur, thus ammonia will be present. However, regarding the 
sulfur poisoning, it can be performed with or without ammonia present. For the case when 
sulfur exposure is introduced during the activity test, ammonia will always be present. 

Fresh catalyst 
activity test Sulfur poisoning Sulfated catalyst 

activity  
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3.9.1.1 Formation of ammonium sulfates 
At low exhaust temperatures, when both NH3 and SOx are present on the SCR catalyst, the 
formation of ammonium sulfates occur according to reactions R.11-R.14. Ammonium sulfate 
(NH4)2SO4, and ammonium bisulfate (ABS), NH4HSO4, can physically block both catalyst 
pores and channels and deactivate the catalyst. ABS is considered to be the more dangerous 
species of the two [2]. The formation of ABS have been generally accepted to occur in the 
temperature range of 190-240 ⁰C and decomposition to occur at a temperature of around 350 
⁰C [43]. 

 𝑁𝐻! + 𝑆𝑂! + 𝐻!𝑂 → 𝑁𝐻!𝐻𝑆𝑂!                 (R.11) 

            2𝑁𝐻! + 𝑆𝑂! + 𝐻!𝑂 → 𝑁𝐻! !𝑆𝑂!                 (R.12)  

            𝐻!𝑆𝑂! + 𝑁𝐻! → 𝑁𝐻!𝐻𝑆𝑂!                             (R.13) 

            𝑆𝑂! + 𝐻!𝑂 → 𝐻!𝑆𝑂!                             (R.14) 

The typical decomposition reaction of (NH4)2SO4 occurs in two steps with the initial 
decomposition to NH3 and NH4HSO4 at around 300 ⁰C, reaction R.15, and then NH4HSO4 
continue to decompose at higher temperatures, reaction R.16 [44].  

𝑁𝐻! !𝑆𝑂! 𝑠 ↔ 𝑁𝐻!𝐻𝑆𝑂! 𝑠 + 𝑁𝐻! 𝑔                (R.15) 
  

𝑁𝐻!𝐻𝑆𝑂! 𝑠 ↔ 𝑁𝐻! 𝑔 + 𝑆𝑂! 𝑔 + 1 2𝑂! 𝑔 + 𝐻!𝑂(𝑔)            (R.16) 

 

3.9.1.2 Impact of sulfur on vanadia based SCR catalysts 
As mentioned above, VSCR catalysts are rather sulfur tolerant. Sulfur exposure of the VSCR 
catalyst has shown various effect on the SCR activity. SO2 exposure without ammonia present 
during the poisoning sequence [26], [27] or presence of SO2 under SCR reaction at 
temperatures between 200-300 ⁰C [15] have shown a positive effect on the activity. One 
explanation to this positive effect on the NOx conversion that has been suggested, is that the 
sulfation increases the number of Brønstedt acid sites without changing the acidity of these 
sites [26].  

However, when the sulfation has been performed in the presence of ammonia at certain 
conditions, ammonium sulfate formation have been found to physically deactivate the VSCR 
catalyst. This effect have been seen when sulfation occurs at low temperatures in both lab-
scale aging [15] and engine cell testing [45]. The sulfur deactivated catalysts have been 
reported to be fully regenerated after exposing it to temperatures where ammonium sulfates 
decompose [45].  

3.9.1.3 Sulfur poisoning of Cu-zeolite 
As mentioned above, Cu-zeolites are rather sulfur sensitive. Both small-pore catalysts such as 
Cu/SAPO-34 and Cu/SSZ-13 of the chabazite family and unspecified Cu-zeolites are 
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concerned. The different sulfur poisoning conditions that are investigated are exposure of SO2, 
SO2 + NH3, SO2 and/or SO3 together with the impact of the temperature.  

Impact of sulfur on SCR reactions 
Sulfur poisoning of Cu-zeolites have a different impact on the different SCR reactions, where 
the fast SCR reaction is not as severely impacted as the standard SCR reaction [1], [46]. Also, 
high temperature activity is less affected than low  temperature activity [47]. 

Impact of SO2 on SCR activity 
Exposure of SO2 in absence of NH3 has in several studies shown to deactivate the Cu-zeolite 
catalysts. The impact of poisoning at different temperatures has however been reported 
differently.  

An unspecified Cu-zeolite was reported to show more deactivation after SO2 exposure at 200 
⁰C than at 300 ⁰C followed by least deactivation after exposure at 400 ⁰C [47]. The same trend 
was reported on a Cu/SSZ-13 [28], with a larger deactivation after poisoning at 250 ⁰C than 
at 400 ⁰C.  

The opposite trend was reported on a Cu/SAPO-34 where more deactivation was shown after 
sulfation at 250 ⁰C than 150 ⁰C [48].  Another work [46] reported more deactivation after 
sulfation at 400 ⁰C than at 200 ⁰C, on an unspecified Cu-chabazite.  

Impact of SO2 + NH3 on SCR activity 
A comparison between sulfation with and without ammonia present showed that, at a 
sulfation temperature of 300 ⁰C, more deactivation was observed after sulfation where 
ammonia had been present [1]. In another work [46] the same trend was observed, where 
SOx poisoning in presence of NH3 at 400 ⁰C had a slightly more negative impact than SOx 
poisoning in absence of NH3 when evaluating activity at 200 ⁰C. 

Impact of SO2 and/or SO3 on SCR activity 
Poisoning with SO3 have shown to cause a more significant deactivation than poisoning with 
SO2.  

The impact of poisoning temperature was investigated on an unspecified Cu-zeolite [49]. 
More deactivation was shown with increasing poisoning temperature (200, 300 and 400 ⁰C). 
Also the effect of SO2 against SO3 was investigated for the same temperatures and showed 
that poisoning with only SO3 caused more deactivation than poisoning with only SO2, for all 
investigated temperatures.  

When a Cu/SAPO-34 catalyst was investigated it was concluded that temperature was an 
important factor for the SO3 poisoning [50]. At 200 ⁰C poisoning with SO2 and SO2+SO3 
had a similar impact on the activity. At 400 ⁰C however, poisoning with SO2+SO3 caused a 
much more severe deactivation than poisoning with SO2. This was explained by suggesting 
that the mechanisms for SO2 and SO3 poisoning are different, where SO2 poisoning occurs by 
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adsorption and SO3 poisoning by some temperature activated chemical reaction with the 
catalyst surface.  

Sulfur poisoning of a Cu-zeolite was investigated [51] by introducing 35 ppm SO2 to a system 
with a “diesel system simulator” (DSS), consisting of a DOC followed by a catalytic soot filter 
(CSF), and a SCR. Since a DOC was located before the SCR reactor, part of the SO2 was 
oxidized to SO3. The investigation showed that the SCR reactor started to loose activity after 
400 hours, which corresponds to approximately 4 g sulfur/litre SCR reactor. 

3.9.1.4 Sulfur storage on Cu-zeolite 
The sulfur storage on Cu-zeolites have been reported in several papers. As well as with the 
SO2 poisoning, somewhat different effect of sulfur storage temperature have been observed. 
The effect of the form of sulfur (SO2 vs SO3) is however reported consistently.  

Sulfur storage on catalysts with chabazite structure was investigated on an unspecified Cu-
chabazite [46] and on a Cu/SAPO-34 catalyst [48]. Both investigations showed that SO2 
exposure at a higher temperature (350 ⁰C vs 190 ⁰C in the former and 250 ⁰C vs 150 ⁰C in 
the latter) resulted in a larger sulfur storage. In another work [47] the opposite result was 
found on an unspecified Cu-zeolite, where SO3 exposure at a lower temperature (sulfation 
temperatures: 200 ⁰C, 300 ⁰C and 400 ⁰C) resulted in a larger sulfur storage. However, in the 
same investigation, the activity after sulfation at these temperatures showed a larger decrease 
after the high temperature sulfation.  

The different impacts of the form of sulfur on sulfur storage, was investigated [46], [47] and 
both investigations showed that SO3 exposure resulted in a larger sulfur storage than SO2 
exposure.  

The presence of NH3 during sulfation has been reported to result in a larger sulfur storage 
than upon sulfation in absence of NH3 [1], [48], [52]. 

The sulfur storage over a chabazite-structured SCR catalyst was investigated by temperature 
programmed desorption (TPD) on four differently sulfur saturated catalysts. The TPD 
diagram is shown in Figure 9. The blue lines have been sulfur saturated at 190 ⁰C and the red 
lines at 350 ⁰C. The solid lines have been sulfur saturated with SO2 and SO3 and the dotted 
lines with only SO2. The SO3 have been generated by oxidation of SO2 over a DOC, thus the 
SO3/SO2 ratio will be dependent on the sulfation temperature. More SO3 can be expected at 
the higher sulfation temperature. All TPD curves show two peaks; one at ca 480 ⁰C and one 
at ca 650 ⁰C. The conclusions are that more sulfur have been stored after sulfation with both 
SO2 and SO3, than after sulfation with only SO2. In addition, more sulfur have been stored 
after sulfation at the higher temperature, 350 ⁰C than at 190 ⁰C [46].  
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Figure 9. SOx released during TPD on four SCR catalysts of chabazite-framework  that have been sulfur saturated at different 
conditions. The blue lines have been saturated at 190⁰C, the red lines at 350⁰C. The solid lines have been saturated with SO2 and SO3 
and the dotted lines with only SO2 [46]. 

3.9.1.5 Regeneration of sulfated Cu-zeolite 
Regeneration of sulfated Cu-zeolites have been carried out in different ways in the reported 
works with different results.  

Regeneration of a Cu/SAPO-34 catalyst sulfated with 200 ppm SO2 in 130 ⁰C for 3 hours 
was reported in one of the papers [44]. Regeneration was carried out at 5 different 
temperatures (300, 400, 500, 600 and 700 ⁰C), each regeneration was carried out for 12 hours. 
After each regeneration up to 600 ⁰C, a partial recovery in NO conversion was observed. The 
catalyst was fully regenerated after regeneration at 600 ⁰C.  

Regeneration on a Cu-chabazite was investigated after various sulfation methods [46]. It was 
found that regeneration was easier for the low temperature SO2-aged catalysts than for the 
high temperature aged, (200 vs 400 ⁰C). When comparing catalysts aged with SO2 in 
presence and absence of NH3, no difference in regeneration was observed. 

Regeneration on a Cu/SSZ-13 catalyst was studied by a repeated activity test, which was 
carried out at temperatures between 100-400 ⁰C [1].  The sulfur poisoning was carried out by 
exposing the catalyst for 30 ppm SO2 in 300 ⁰C for 1.5 hours. The activity test was carried out 
until a stable activity was reached, which was after the eighth test. The experiment shows that 
some activity could be recovered by repeating the activity test but full regeneration was not 
achieved.  

A regeneration method called chemical deSOx was investigated  on a Cu-chabazite [14]. A 
reducing environment was created by using low concentrations of reductants such as 
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NOx+NH3, NH3, C2H6 and n-C12H26. It was found that by using this method, removal of 
sulfur and recovery of NOx activity could be achieved at lower regeneration temperatures. 

3.9.1.6 Characterization of sulfated Cu-zeolites 
Characterization of sulfated catalysts have been performed in several studies. Surface area and 
pore volume have been determined by N2 adsorption and it was found that both were reduced 
after sulfation [1], [14], [27], [28].  Both surface area and pore volume could be  recovered 
after regeneration [28]. The framework of SAPO-34 was investigated by XRD and it was 
found that it did not change after SO2 poisoning. This suggests that it is the copper sites that 
are affected by sulfur and not the zeolite framework [53].  

The distribution of the sulfur has been investigated by ICP and XPS analysis, it has been 
reported that if the catalyst was saturated, the sulfur was distributed uniformly [46], [50]. In 
studies where the catalyst has not been saturated, more sulfur have been found in the inlet of 
the catalyst than in the outlet [1], [47].  

Several methods to evaluate in which form sulfur is stored on the sulfated Cu-zeolites have 
been reported in the literature. The two primary sulfur species that have been found are 
copper sulfates and ammonium sulfates, depending on the sulfation conditions. 

Sulfated Cu/SAPO-34 catalysts were investigated with TPD, TGA and DRIFTS where all 
characterization methods together indicated that copper sulfate formed after both SO2 and 
SO3 exposure [48]. In another work it was found from the XPS investigation that the sulfur 
was in form of sulfates upon both SO2 and SO3 sulfation [47]. 

Ammonium sulfates have been observed on Cu/SAPO-34 catalysts by TPD and DRIFTS, 
after sulfation with both NH3 and SO2 [44], [48]. 

From TGA and TPD data, it has been suggested that formation of ammonium sulfate species 
on the catalyst is favourable during sulfation with SO2 and NH3 at 250⁰C and that this might 
inhibit the formation of copper sulfates [48]. 

Ammonium sulfate and copper sulfate formation was investigated over a Cu/SAPO-34 
catalyst [54]. It was found that copper sulfates and ammonium sulfates are interchangeable 
depending on the availability of ammonia. Copper sulfates on the catalyst can form 
ammonium sulfates upon NH3 exposure. Also, ammonium sulfates can be used as SCR 
reactant upon NO exposure when no ammonia is present, this reaction is however slower than 
the “normal” SCR-reaction. When ammonium sulfates are used as SCR-reactant, copper 
sulfates are formed.  

3.9.1.7 Sulfur poisoning mechanism on Cu-zeolite 
The active sites on a Cu/SSZ-13 catalyst were investigated. Two types of exchanged Cu-sites 
were identified by DRIFTS in combination with NH3 probing. Both sites were active for 
SCR reactions but only one of the sites were active for oxidation reactions. Their response to 
hydrothermal aging and sulfur poisoning was studied. It was found that  upon hydrothermal 
aging to 700 ⁰C and 800 ⁰C the site active for oxidation reactions transformed into the other 
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site. After sulfation with SO2 and SO3, both types of sites decreased significantly and the site 
active for oxidation reactions disappeared [35].  

The loss of activity on a Cu/SAPO-34 catalyst after SO2 poisoning, was explained by the loss 
of active Cu-sites in the catalyst due to presence of sulfur. The loss of NO conversion plotted 
against the sulfur exposure shows a relationship between higher sulfur exposure and larger loss 
of NO conversion [53].  

3.9.1.8 Engine aged Cu/SSZ-13 
A 135 000 mile (ca 220 000 km) engine aged SCR catalyst of Cu-chabazite structure was 
characterized by ICP analysis [55]. The SCR catalyst had been aged in a light duty engine 
truck (6.6 L) with a complete exhaust gas aftertreatment system consisting of a DOC, 
followed by two SCR catalysts and a DPF.  The fuel used during the vehicle aging was 
commercially available ULSD with maximum 15 ppm sulfur, most commonly <10 ppm . 
Pieces from both SCR catalysts were analyzed, all located near the axial centreline but in 
different positions along the length. The ICP analysis showed that the piece located closest to 
the gas inlet in the first SCR catalyst contained ca 0.09 % sulfur, whereas all other samples  
only contained a few ppm of sulfur.  

3.9.1.9 Correlation between lab aging and engine aging  
Different aging procedures can be used in order to test the durability of catalysts, the test are 
often accelerated in order to simulate a long-term vehicle operation. To be able to draw the 
right conclusions from the synthetically aged catalysts, it is important to compare this lab 
aging to the aging occurring in the vehicle and the effects on the performance of the catalysts.  

No studies on correlation between lab aging and engine aging on a SCR catalyst with a Cu-
zeolite formulation have been found. However, a work on the correlation between lab aging 
and engine aging of  DOC catalysts were investigated [56]. The correlation was performed by 
characterization on fresh, lab aged and engine aged DOC catalysts. The lab aging was carried 
out by exposing the catalyst to 50 ppm SO2. The study came to the conclusion that synthetic 
aging is sufficient for testing DOC catalyst durability for long term use regarding deactivation 
due to sulfur poisoning. In order to come to this conclusion the sulfur deposits were detected 
with XPS analysis and SEM-EDS, which confirmed a similar coverage between the lab aged 
and field aged catalyst.  

3.9.1.10 Sulfur poisoning on SCR catalysts – Summary 
Sulfur exposure of the vanadia catalyst can impact the catalyst in different ways. At high 
temperatures, or if no ammonia is present during poisoning, sulfur can increase the NOx 
activity. At low temperatures when both SO2 and NH3 is present, ammonium sulfate 
formation can occur, which physically deactivate the catalyst. The ammonium sulfates 
decompose at temperatures between 280-350 ⁰C and the catalyst can be regenerated by 
increasing the temperature. Consequently, the problem with sulfur exposure of the vanadia 
based catalyst occurs when the catalyst is exposed to high levels of sulfur at low temperatures 
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and the temperature on the catalyst never exceeds the decomposition temperature of 
ammonium sulfates.  

Sulfur exposure of Cu-zeolites causes a deactivation of the NOx activity. SO3 poisoning causes 
a more severe deactivation than SO2 poisoning, a larger sulfur storage and is harder to 
regenerate. The impact of temperature on SO2 and SO3 poisoning are not fully consistent, it 
has been suggested that at low temperatures, mostly physical adsorption and ammonium 
sulfate formation occurs, whereas at higher temperatures, also chemisorption on the  catalyst 
surface occurs. 

When characterizing the sulfated Cu-zeolites, two sulfate species have been observed; copper 
sulfates and ammonium sulfates. These species have been shown to be interchangeable. It has 
been suggested that the cause of deactivation is sulfate species blocking the active Cu-sites, by 
either adsorption of sulfur containing species, copper sulfate formation that blocks the active 
copper sites or ammonium sulfates that physically blocks the active sites. It seems that the 
sulfation does not affect the crystalline structure of the zeolite but only the active copper sites. 
It has been possible to regenerate the sulfated catalysts after exposing it to temperatures 
around 600-700 ⁰C in a lean environment. When creating a reducing atmosphere, it is 
possible to regenerate the catalysts at lower temperatures.   
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4. EXPERIMENTAL METHOD 
This part describes the experimental set-up, materials, limitations and the calculations that are 
used for development of the SCAT-method and evaluation of the results from the method. 
The method is an accelerated lab aging method that is performed in a SCAT-rig at Scania 
(SCAT= Synthetic gas catalytic activity testing). It is accelerated in such a way that the sulfur 
concentration is higher compared with real sulfur concentration in a vehicle.  

4.1 Experimental limitations 
For the sulfation only SO2 gas is available. NH3 and SO2 will not be introduced 
simultaneously during the experiment as formation of ammonium sulfates may harm the 
equipment.  

4.2 SCAT-rig 
The SCAT-rig is used for performance testing of catalysts by exposing a catalyst to a 
simulated exhaust gas. A catalyst core is placed in a ceramic sample holder, which is placed in 
a quartz tube where it is exposed to the controlled synthetic exhaust gas. The catalyst core is 
wrapped in ceramic wool to ensure no gas slip around the catalyst. The temperature is 
measured by four thermocouples, two of them placed in the middle of the catalyst monolith, 
one in the beginning and one in the end of the core. The other two are placed in the wall of 
the sample holder. The sample holder is heated by an oven that surrounds the tube and the 
temperature is controlled by the thermocouples in the sample holder. The reactor set-up is 
schematically shown in Figure 10.  

The gas pipes are constructed by stainless steel and are always heated to 180 ⁰C to avoid 
condensation in the pipes. The gas flow is controlled by mass flow controllers. The gas 
composition after the chamber is measured by an AVL SESAM i60 FT FTIR instrument.  

 

 

 
Figure 10. Schematic figure over reactor set-up in SCAT-rig.  
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4.3 Elemental analysis 
Elemental analysis of the whole catalysts cores were carried out by X-ray fluorescence (XRF). 
The sulfur content are reported in this report. XRF analysis is a semi-quantitative method. 
The reported sulfur concentrations cannot be observed as absolute concentration values but 
the samples in this work can be compared on their relative sulfur concentration.  

4.4 Catalysts 
4.4.1 Fresh catalysts  

Two different catalysts are used in the experiments. Catalyst A is a Cu/SSZ-13 of chabazite 
structure. Catalyst B is an unspecified Cu-zeolite. The catalysts are coated on cordierite 
monolith with the dimensions 21 mm in diameter and 30.5 mm long. Catalyst A was 
delivered in cores with the specific dimensions, whereas Catalyst B was cut out from a larger 
piece to achieve equal dimensions.  

 
 

4.4.2 Engine aged catalyst 
An engine aged sample was received and used for activity testing and XRF analysis. The 
engine aging was carried out in an engine cell. A SCR catalyst of 6.4 dm3 was placed first in 
the exhaust gas aftertreatment system. Approximately 27 000 kg of low sulfur diesel (ca 5 
ppm sulfur) was used and the test was carried out under 500 hours with peak temperatures of 
520-530 ⁰C. 

 The catalyst was of same formulation as the fresh Catalyst B. Cores of same dimension as the 
fresh catalysts (21 mm in diameter and 30.5 mm long) was cut out from the engine aged piece. 
For XRF analysis, pieces from front, middle and rear part of the aged piece were analyzed. 
For activity testing, pieces from the part closest to the inlet of the exhaust gases called front, 
were used. The reason for choosing the pieces closest to the inlet was because this parts had 
the highest sulfur content.  

Figure 11. The two catalysts used in the experiments. To the left Catalyst A (Cu/SSZ-13) to the right Catalyst B (Cu-zeolite). 
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4.5 Experimental procedure  
The experimental procedure is illustrated in Figure 12. The space velocity is 120 000 h-1 

during all parts of the experiment except for the sulfation where it is 60 000 h-1. The base feed 
gas used to simulate a diesel exhaust gas, consist of 10% O2, 5% H2O balanced with N2. In a 
real exhaust gas, CO2 would also be present but is not included in the experiment. The reason 
for excluding CO2 is to make the experimental arrangement more simple, as CO2 is not 
expected to affect the SCR-reactions. For the activity tests, also NOx and NH3 are added to 
the base feed gas. 

 

 
Figure 12. Experimental procedure for SO2 poisoning and activity testing.  

 

4.5.1 De-greening 
At first, de-greening is performed on the catalyst in order to ensure stable performance during 
the following testing. It is carried out by holding the catalyst at a temperature of 500 ⁰C for 
one hour in base gas feed.  

4.5.2 Activity test 
The activity test is designed in order to measure high and low temperature activity as well as 
the three different reactions; Standard, Slow and Fast SCR, R.5-R.7. The activity test is 
carried out with NOx and NH3 in base gas feed. Three different NO2/NOx- ratios are used; 
NO2/NOx=0 simulating standard SCR conditions, NO2/NOx=1 simulating fast SCR 
conditions and NO2/NOx=0.75 simulating slow SCR conditions. An ammonia to NOx ratio 
of 1:1 is used, where NH3=NOx=1000ppm.  

4.5.3 Sulfur poisoning 
The sulfur poisoning is performed by exposing the catalyst for 50 ppm SO2 in the simulated 
exhaust gas for 8 hours at a space velocity of 60 000 h-1. Three different sulfation temperatures 
are evaluated: 220 ⁰C, 280 ⁰C and 350 ⁰C. 

4.5.4 Regeneration 
Regeneration is performed by increasing the temperature to the desired regeneration 
temperature and keeping it for 30 minutes. The regeneration is carried out in base gas feed.  
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4.6 Calculations  
4.6.1 NOx conversion  

The NOx conversion is calculated based on equation (E.1) 

𝑁𝑂!  𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛   % = !"!!""#!!"!!""#!"#$
!"!!""#

×100%         (E.1) 

Where NOxfeed is NOx in outlet measured in step 1-3 in the activity test sequence  and 
NOxeffluent is NOx in outlet measured in step 6,8 and 9 in the activity test, see Table 3 in section 
5.1.3 Stabilizing SCR reactions. The feed and effluent NOx concentrations are determined 
from the FTIR results where the values used are an average of the values where the curves 
stabilized.  

4.6.2 Apparent rate constant 
In order to compare the activity of the reaction, the apparent rate constants for the reactions 
are calculated. Assuming the catalyst core is a tubular reactor, a steady-state mole balance is 
written according to (E.2), where 𝐹!!!!""# is the flow of NOx before the SCR catalyst, 

𝐹!!!!""#$!%& is the flow of NOx after the SCR catalyst and 𝑟´!!!
!  is the term for the NOx 

that reacts over the catalyst volume.  

𝐹!!!!""# − 𝐹!!!!""#$!%& + 𝑟´!!!
! = 0                                       (E.2) 

The reaction is assumed to be a first order reaction and an expression for the reaction rate is 
written according to (E.3), where k is the apparent rate constant, 𝐶!!!!""#is the concentration 
of NOx before the SCR catalyst and X is the NOx conversion over the catalyst, calculated 
with (E.1) 

−𝑟´!"# = 𝑘𝐶!!! = 𝑘𝐶!!!!""#(1− 𝑋)                 (E.3) 

Combining (E.2) and (E.3) and rearranging gives an expression for the apparent rate constant 
that is used for the activity comparison, (E.4).  

 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡  𝑟𝑎𝑡𝑒  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = −𝑘 = ln 1− 𝑋
!!!!!"  
!!!!!"!

  𝑠!!                (E.4) 

4.6.3 NH3 storage 
NH3 storage is interesting to investigate as the NH3 adsorption and desorption plays an 
important role in the SCR system [1]. The NH3 storage capacities on the catalysts are 
calculated from a NH3 adsorption sequence during the activity testing. 1000 ppm NH3 is 
introduced to the catalyst and the outlet concentration of NH3 is measured with the FTIR. 
The adsorbed NH3 is calculated from the diagram where the concentration of NH3 is plotted 
against time, where the area above the NH3 curve and under 1000 ppm is the adsorbed NH3. 
This is illustrated in Figure 13.  
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Figure 13. Illustration of  how NH3 storage has been determined. 

 

The calculations are carried out according to equation E.5 

𝑛!!! = 𝐶!!!!""# ∙ 𝑡   −    𝐶!!!!""#$!%&𝑑𝑡
! ∙ !!"!∙!!"!

!∙!
  𝑚𝑜𝑙𝑒𝑠              (E.5)  
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5. RESULTS AND DISCUSSION 
In this section, the results from the project are presented and discussed. Starting with the 
development of the testing method regarding sulfur exposure, temperatures, and gas 
concentrations. This is followed by the results that were obtained from the testing-method. 
Finally the testing method is evaluated and correlated to vehicle aging by comparison with 
engine aged samples and calculations.  

5.1 Method development 
5.1.1 Sulfur exposure 

The sulfur exposure was chosen in order to obtain an accelerated test where the effect of sulfur 
could be clearly distinguished. The maximum possible SO2 concentration 50 ppm was used. 
Before the experiments where the catalysts were exposed to SO2, the concentration of SO2 
was controlled by introducing 50 ppm SO2 to FTIR by bypassing the gas around the reactor. 
The control measurement confirmed that the SO2 concentration was 50 ppm.  For two of the 
poisoning procedures, the SO2 concentration was measured, both on Catalyst B at 280 ⁰C, 
one of the measurements is shown in Figure 14. The diagram indicates that during the first 
hour, SO2 is adsorbed on the surface of the catalyst. After the first hour, SO2 successively 
diffuse and adsorb in the pore system. When the outlet concentration of SO2 has levelled out 
around 35 ppm the adsorption can be assumed to be limited by diffusion in the pores. The 
slight increase that can be seen is how the ability to adsorb SO2 decreases.  

 

 
Figure 14 Concentration of SO2 during Sulfur exposure at 280 ⁰C on Catalyst B. 
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5.1.2 Temperature  
During the initial activity tests, it was difficult to achieve the desired temperature and the 
temperatures varied between the activity tests. In Figure 15, the NOx conversion of a standard 
SCR reaction, is plotted against the temperature for the activity test. The NOx conversion is 
dependent on the temperature and change fast, especially between 190-230 ⁰C. It is thus very 
important to have controlled temperatures to be able to compare the results from the different 
activity tests. For the following activity tests, the temperatures were controlled by three 
improvements. The temperature was especially hard to set at the low temperature, 200 ⁰C, 
and thus the low temperature activity was changed to 220 ⁰C. The time for cooling down the 
oven before starting to set the temperature for the activity test was increased. The time for 
stabilizing the temperature before the activity test was increased.  

 

 
Figure 15 Temperature dependence of Standard SCR NOx conversion for Catalyst A.  

 

The high temperature activity was initially measured at 300 ⁰C but as the differences between 
fresh and sulfated were very small at 300 ⁰C, the high temperature activity was instead tested 
at 280 ⁰C for the following tests. 

Initially, three regeneration temperatures were used; 450, 500 and 600 ⁰C. There were 
however, a very small difference between those temperatures and 600 ⁰C did not seem to be 
enough for a full regeneration. For the following tests, the temperatures 500 and 700 ⁰C were 
instead used as regeneration temperatures. The lower temperature 500 ⁰C was chosen as a 
temperature that is possible to reach in the vehicle. The higher temperature 700 ⁰C was 
chosen as a temperature where full regeneration could be achieved. The choice of  
regeneration temperatures was also based on the TPD-curve, Figure 9 [46]. According to this 
desorption curve, the regeneration at 500 ⁰C should be able to desorb the more loosely 
adsorbed SOx released in the first peak at about 480 ⁰C.	  The regeneration at 700 ⁰C should be 
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able to desorb the majority of the more strongly adsorbed SOx released in the second peak at 
about 650 ⁰C. However, during the experiments, a temperature of 700 ⁰C was not reached 
but the temperature increased from 600 to 665 ⁰C during the 30 minutes of regeneration.  

5.1.3 Stabilizing SCR reactions 
As explained in the method, the aim was to test three SCR reactions, standard, fast and slow 
(R.5-R.7). This is carried out by following a sequence, where different concentrations of the 
gases are introduced to the catalyst. When improving the activity testing, three different 
sequences were developed. All sequences follow the same base method, starting with a 
reference of each SCR reaction where only NOx and no NH3 is introduced. Then a short N2 
purge to remove all NOx before the catalyst is filled up with NH3. The NH3 filling is 
performed for two reasons; the SCR reactions will stabilize faster if the catalyst is filled with 
NH3 before the start, also it generates information about NH3 storage on the catalyst. When 
the catalyst is filled with NH3, the actual activity test is started by introducing both NOx and 
NH3. The last step is a NO purge in order to remove all NH3 from the catalyst by a reaction 
with NO.  

Sequence 1 
The first sequence that was evaluated is shown in Table 3. Step 1-3 is the SCR reference 
where only NOx and no NH3 is introduced, step 4 is N2 purge, step 5 is NH3 filling, step 6-8 
are the SCR reactions and step 9 is NO purge. For sequence 1 low temperature activity was 
still tested at 200 ⁰C and high temperature activity at 300 ⁰C. 
Table 3. Description of sequence 1. All steps also includes base feed gas. Ref=reference, std=standard.  

Sequence 1 Step Description Time  NO  NO2  NH3  
   (s) ppm ppm ppm 
Activity test 1 Ref std 120 1000     
200 ⁰C 2 Ref fast 90 500 500   
  3 Ref slow 90 250 750   
  4 N2 60       
  5 NH3 240     1000 
  6 Std 240 1000   1000 
  7 Slow 180 250 750 1000 
  8 Fast 180 500 500 1000 
  9 NO 300 1000     
Activity test 1 Ref std 120 1000     
300 ⁰C  2 Ref fast 60 500 500   
  3 Ref slow 60 250 750   
  4 N2 60       
  5 NH3 240     1000 
  6 Std 240 1000   1000 
  7 Slow 90 250 750 1000 
  8 Fast 180 500 500 1000 
  9 NO 120 1000     
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The results from an activity test at 210 ⁰C of a sulfated Catalyst A following sequence 1 is 
shown in Diagram 1. The diagram shows the gas concentrations in the effluent. It can be seen 
that stable activity is reached for the standard SCR and for the fast SCR reaction. The slow 
SCR is not stabilized.  

When comparing the result from the sulfated and the fresh activity test, the slow SCR 
reaction is closer to reaching stability in the fresh activity test than in the sulfated activity test. 
The same trend can be seen when comparing the high temperature activity test with low 
temperature where the reactions reaches stability faster at the higher temperature, see 
Diagram A16-A17 in Appendix. 

 

   
Diagram 1. Activity testing at 210 ⁰C of a sulfated Catalyst A at 280 ⁰C, following sequence 1. The diagram shows the outlet 
concentrations of the gases after the catalyst measured by the FTIR instrument. 1. Reference standard, 2. Reference fast, 3. Reference 
slow, 4. N2, 5. NH3, 6. Standard, 7. Slow, 8. Fast, 9. NO.  

Sequence 2 
The second sequence is shown in Table 4. In this sequence, the temperatures were changed to 
220 ⁰C and 280 ⁰C, as explained in section 5.1.2 Temperature. In order to stabilize the slow 
SCR reaction, step 7 was introduced, which is a step where the ammonia to NOx ratio, ANR, 
was lowered before the slow SCR to 0.8 for the low temperature and to 0.95 for the high 
temperature. The intention with this step was to set the NH3 level on the surface of the 
catalyst close to where it was expected to stabilize during the slow reaction, in order to fasten 
the stabilizing period of the slow SCR reaction. Also, the time was increased for both the 
slow and fast SCR reaction for both temperatures, except for the fast reaction at 280 ⁰C. 
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The results from an activity test at 220 ⁰C of a sulfated Catalyst A following sequence 2 is 
shown in Diagram 2. The diagram show that the introduction of the step with low ANR did 
not accomplish stability of the slow SCR. Instead, the fast SCR does not reach stability either.   

When comparing the fresh activity test with the sulfated activity test, both the slow and the 
fast SCR reaction is closer to reaching stable activity for the fresh activity test than for the 
sulfated. When comparing the low temperature activity test with the high temperature, both 
slow and fast SCR reaction is closer to reach stability in the high temperature activity test, see 
Diagram A18-A19 in Appendix. 

 
Table 4. Description of sequence 2. All steps also includes base feed gas. Ref=reference, std=standard. 

Sequence 2 Step Description Time NO NO2 NH3 
   (s) (ppm) (ppm) (ppm) 
Activity test  1 Ref std 120 1000     
 220 ⁰C 2 Ref fast 90 500 500   
  3 Ref slow 90 250 750   
  4 N2 60       
  5 NH3 240     1000 
  6 Std 240 1000   1000 
  7 ANR=0.8 120 1000   800 
  8 Slow 240 250 750 1000 
  9 Fast 240 500 500 1000 
  10 NO 300 1000     
Activity test  1 Ref std 120 1000     
 280 ⁰C 2 Ref fast 60 500 500   
  3 Ref slow 60 250 750   
  4 N2 60       
  5 NH3 240     1000 
  6 Std 240 1000   1000 
  7 ANR=0.95 60 100   950 
  8 Slow 180 250 750 1000 
  9 Fast 180 500 500 1000 
  10 NO 120 1000     



 

31 
 

 

 
Diagram 2. Activity testing at 220 ⁰C of a sulfated Catalyst A at 280 ⁰C, following sequence 2. The diagram shows the outlet 
concentrations of the gases after the catalyst measured by the FTIR instrument. 1. Reference standard, 2. Reference fast, 3. Reference 
slow, 4. N2, 5. NH3, 6. Standard, 7. ANR=0.8, 8. Slow, 9. Fast, 10. NO. 

 

Sequence 3 
The third sequence is shown in Table 5. In this sequence, the step with lower ANR was 
removed. Instead the fast SCR reaction was placed prior to the slow SCR reaction. Also, step 
7 and step 9 was introduced, step 7 with 500 ppm NO and 500 ppm NH3 and step 9 with 750 
ppm NO2 and 750 ppm NH3. The intention with these steps was to set the NO level and the 
NH3 level close to where it was expected to stabilize during the reactions in order to fasten the 
stabilisation period of the reactions.  

The results from an activity test at 220 ⁰C of a fresh Catalyst B following sequence 3 is shown 
in Diagram 4. The diagram shows that both the standard and the fast SCR reaction reached 
steady state. The slow SCR reaction is not fully stable but is closer to stabilize compared to 
previous results, see Diagram A20 in Appendix. The results from a sulfated Catalyst B 
following sequence 3 is shown in Diagram 4. This shows that in the sulfated activity test the 
fast SCR reaction is not stable.  

When comparing the low temperature activity with the high temperature activity, all reactions 
reaches stability faster for the high temperature activity, see Diagram A21 in Appendix. 
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Table 5. Description of sequence 3. All steps also includes base feed gas. Ref=reference, std=standard. 

Sequence 3 Step Description Time NO NO2 NH3 
   (s) (ppm) (ppm) (ppm) 
Activity test  1 Ref std 120 1000     
 220 ⁰C 2 Ref fast 90 500 500   
  3 Ref slow 90 250 750   
  4 N2 60       
  5 NH3 300     1000 
  6 Std 240 1000   1000 
  7 500 ppm 120 500   500 
  8 Fast 240 250 750 1000 
  9 750 ppm 120   750  750  
  10 Slow 240 500 500 1000 
  11 NO 300 1000     
Activity test  1 Ref std 120 1000     
 280 ⁰C 2 Ref fast 60 500 500   
  3 Ref slow 60 250 750   
  4 N2 60       
  5 NH3 240     1000 
  6 Std 240 1000   1000 
  7 500 ppm 60 500   500 
  8 Fast 180 250 750 1000 
  9 750 ppm 60   750 750 
  10 Slow 180 500 500 1000 
  11 NO 120 1000     
 

 
Diagram 3. Activity testing at 220 ⁰C of a fresh Catalyst B, following sequence 3. The diagram shows the outlet concentrations of the 
gases after the catalyst measured by the FTIR instrument. 1. Reference standard, 2. Reference fast, 3. Reference slow, 4. N2, 5. NH3, 6. 
Standard, 7. 500 ppm, 8. Fast, 9. 750 ppm, 10. Slow, 11. NO.  
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Diagram 4. Activity testing at 220 ⁰C of a sulfated Catalyst B at 280 ⁰C,  following sequence 3. The diagram shows the outlet 
concentrations of the gases after the catalyst measured by the FTIR instrument. 1. Reference standard, 2. Reference fast, 3. Reference 
slow, 4. N2, 5. NH3, 6. Standard, 7. 500 ppm, 8. Fast, 9. 750 ppm, 10. Slow, 11. NO.  

 

Summing up, it was difficult to stabilize the fast and slow SCR reactions especially for the 
sulfated catalysts at low temperatures. The reasons for this behaviour was not fully understood. 
Sequence 3 was the sequence that was closest to reaching stability of the reactions. Longer 
times for the stabilisation phases would probably be needed in order to stabilize all reactions. 
Due to the problems with stabilising the fast and slow SCR reaction, the standard SCR 
reaction, which reaches stability in all tests, will be discussed from now on. 

A full scheme for the experimental procedure for sequence 3 is given in Table A10 in 
Appendix.  
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5.2 Results from activity testing 
5.2.1 Repeatability 

The repeatability of the activity test method is investigated by three tests on three cores of 
Catalyst A for the standard SCR reaction. The results are shown in Diagram 5 where the 
NOx conversion for standard SCR in the three tests at 220 ⁰C and 280 ⁰C is expressed. The 
measured NOx conversion is similar for the three catalysts, illustrating good repeatability. The 
standard deviation for the three tests is 1.5% for 220 ⁰C and 0.6% for 280 ⁰C. 

 

 
Diagram 5. Standard SCR NOx conversion for three tests on Catalyst A at 220 ⁰C and 280 ⁰C illustrating good repeatability.  

 

5.2.2 Comparison between sulfation temperatures 
Three different sulfation temperatures were evaluated; 220 ⁰C, 280 ⁰C and 350 ⁰C, and the 
impact on the NOx conversion is shown in Diagram 6. The diagram shows that the sulfation 
at 220 ⁰C and 280 ⁰C had a similar impact on the NOx conversion, which was larger than 
after the sulfation at 350 ⁰C. The same trend was shown for the activity tests at 280 ⁰C, 
where sulfation at 280 ⁰C had a larger impact on NOx conversion than sulfation at 350 ⁰C, 
see Diagram A22 in Appendix.  
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Diagram 6. NOx conversion of sulfated Catalyst A at 220 ⁰C, 280 ⁰C and 350⁰C expressed as % of fresh NOx conversion at 220 ⁰C. 
Sulfation was carried out with 50 ppm SO2 for 8 hours.  

 

5.2.3 Effect of sulfation and regeneration 
In Diagram 7-8, the differences in NOx conversion between fresh catalyst, sulfated at 280 ⁰C, 
regenerated at 500 ⁰C and regenerated at 700 ⁰C are illustrated. The results show that the 
catalyst loses activity upon sulfation and that the activity can be recovered after exposing it to 
elevated temperatures. The same trend is shown for sulfation at 220 ⁰C and 350 ⁰C, the 
graphs are shown in Diagram A23-A26 in Appendix.  

 

 
Diagram 7. NOx conversion on Catalyst A at 220 ⁰C for fresh catalyst, sulfated at 280⁰C, regenerated  at 500 ⁰C and regenerated at 
700 ⁰C, standard SCR. Regeneration at 700 ⁰C was actually a temperature increase between 600-665 ⁰C. 
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Diagram 8. NOx conversion on Catalyst A  at 280 ⁰C for fresh catalyst, sulfated at 280 ⁰C, regenerated  at 500 ⁰C and regenerated at 
700 ⁰C, standard SCR. Regeneration at 700 ⁰C was actually a temperature increase between 600-665 ⁰C. 

  

5.2.4 Comparison between Catalyst A and B 
As the aim with the project is to be able to compare different catalysts on their sulfur 
tolerance, two different catalysts were evaluated using the developed method (using sequence 
3). The comparison between the two catalysts is shown in Diagram 9. The diagram shows 
that Catalyst A has a lower fresh catalyst activity but a higher sulfated activity than Catalyst B. 
Another approach of comparing the catalysts is shown in Diagram 10, where the sulfated and 
two regenerated NOx conversions are expressed as percentage of the NOx conversion for the 
fresh catalyst. This diagram enables an easier comparison of the recovery after regeneration. 

 
Diagram 9. Comparison on sulfur tolerance of Catalyst A and Catalyst B.  
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Diagram 10. Comparison on sulfur tolerance of Catalyst A and Catalyst B. NOx conversion expressed as % of fresh NOx conversion. 
Regeneration at 700⁰C was actually a temperature increase between 600-665⁰C. 

To summarize, Diagram 9 and 10 illustrate that the aim of the project has been achieved: it is 
possible to compare the sulfur tolerance of different catalysts with the method. Here, the 
method shows that Catalyst A has higher sulfur tolerance.  

5.2.5 Formation of ammonium sulfates 
A trend could be seen when evaluating the sulfated activity test for all experiments. This trend 
indicates the same results found in the literature study [54], namely that copper sulfates and 
ammonium sulfates are interchangeable depending on the availability of NH3. The sulfated 
activity testing starts with the activity test at 220 ⁰C and is followed up with an activity test at 
280 ⁰C. When the reference sequence is started in activity testing at 220 ⁰C, the catalyst has 
only been exposed to SO2 and no NH3 and in step 1 NO reaches 1000 ppm in the FTIR 
measurements, see the marked zone 11.1 in Diagram 11. This is what would be expected as 
1000 ppm NO is introduced. Comparing this with step 1 in activity test at 280 ⁰C, it can be 
seen that NO does not reach 1000 ppm, see the marked zone 12.1 in Diagram 12. The 
difference between these events is that the catalyst have been exposed to NH3 when doing the 
activity test at 280 ⁰C. This is the same trend that was seen in the literature study and by 
using the same arguments [54], ammonium sulfates could have formed during NH3 exposure 
in the activity testing at 220 ⁰C. These ammonium sulfates could then be used as SCR 
reactant when exposing the catalyst for NO but no NH3. This would be the reason for the NO 
not reaching 1000 ppm in step 1 in activity test at 280 ⁰C. The same trend is even more 
evident in step 10 of activity test at 280 ⁰C where NO is even further from 1000 ppm, see the 
marked zone 12.10 in Diagram 12.  
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Diagram 11. Results from activity testing at 220⁰C of Catalyst A after sulfation at 280⁰C. 1. Reference standard, 2. Reference fast, 3. 
Reference slow, 4. N2, 5. NH3, 6. Standard, 7. ANR=0.8, 8. Slow, 9. Fast, 10. NO. 

 

 
Diagram 12. Results from activity testing at 280⁰C of Catalyst A after sulfation at 280⁰C. 1. Reference standard, 2. Reference fast, 3. 
Reference slow, 4. N2, 5. NH3, 6. Standard, 7. ANR=0.8, 8. Slow, 9. Fast, 10. NO. 

  

5.2.6 NH3 storage 
The NH3 storage on Catalyst A for fresh catalyst and after sulfation at three different 
temperatures is shown in Diagram 13. The NH3 storage at 220 ⁰C is higher than at 280 ⁰C. 
The storage on the fresh catalyst is an average of three measurements with a standard 
deviation of 0.1 at 220 ⁰C and 0.03 at 280 ⁰C. One measurement differs significantly from 
the other: the catalyst sulfated at 350 ⁰C, which has a higher NH3 storage than the other 
samples.  
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In Diagram 14, a comparison on NH3 storage between fresh Catalyst A and B as well as fresh, 
lab aged and engine aged Catalyst B is shown. Fresh Catalyst A has a slightly higher NH3 

storage than Catalyst B. Fresh and lab aged Catalyst B have a rather similar NH3 storage. The 
engine aged Catalyst B has a lower NH3 storage than all other samples. 

Summing up, the NH3 storage is higher at the lower temperature. Consequently, the NH3 
storage can be explained due to physical adsorption of NH3, as more adsorption occur at lower 
temperatures. The similar NH3 adsorption over the fresh and lab aged catalysts at 220 and 
280 ⁰C indicates that NH3 can be stored on the sulfur already stored on the lab aged catalyst. 
The explanation for the higher storage over the lab aged Catalyst A at 350 ⁰C is not evident. 
It could indicate that the sulfur are stored differently on the catalyst aged at 350 ⁰C than at 
220 and 280 ⁰C resulting in different NH3 storage. The low NH3 storage over the engine 
aged catalyst can be explained by other deactivation mechanisms than sulfur, which decrease 
the adsorption sites for NH3.  

 

 
Diagram 13. NH3 storage for Catalyst A at 220 ⁰C and 280 ⁰C. Fresh catalyst is an average of three measurements with the standard 
deviation 0.1 at 220 ⁰C and 0.03 at 280 ⁰C. No NH3 storage is available at 280 ⁰C for lab aged at 220 ⁰C as no activity test was 
carried out at a higher temperature than sulfation temperature. 
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Diagram 14. Comparison on NH3 storage at 220 ⁰C between fresh Catalyst A and B and fresh lab aged (at 280 ⁰C) and engine aged 
Catalyst B. Fresh Catalyst A is an average of three measurements with the standard deviation 0.1 at 220 ⁰C and 0.03 at 280 ⁰C.  

 

5.3 Correlation between lab and engine aging 
5.3.1 Sulfur exposure 

The sulfur exposure during the lab aging can be compared with the sulfur exposure during use 
in a vehicle. The calculation for the sulfur exposure in lab aging can be followed in Table 6. 
The total sulfur exposure per volume SCR reactor is 34 g/dm3. 
Table 6. Sulfur exposure during lab aging. 

Sulfur exposure in lab aging 
Sulfur in gas 50 ppm 
SV 60000 h-1 
Volume SCR lab 0.01 dm3 
Flow rate 600 dm3/h 
Time 8 hours 
Volume Sulfur 0.2 dm3 
Volume Sulfur 0.0002 m3 
Moles Sulfur 0.01 moles 
Mass Sulfur 0.34 g 
Mass Sulfur per volume SCR 34 g/dm3  
 

When calculating the sulfur exposure of the catalyst during use in a vehicle, several 
assumptions must be made. For a vehicle with a fuel consumption of 30 kg/100 km of a low 
sulfur fuel with 5 ppm sulfur, an oil consumption of 0.075% of the fuel consumption, of an oil 
with 0.3 % sulfur and a SCR catalyst of 27 dm3, the sulfur exposure per volume SCR reactor 
and distance is 8 mg/(dm3 ∙100  km), the calculations can be followed in Table 7.  
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Table 7. Sulfur exposure during use in a vehicle.. The fuel consumption is based on average EU tractor-trailer fuel consumption data 
[57]. 

Sulfur exposure in vehicle     
Fuel consumption (Volumetric) [57] 36 dm3/100 km 
Fuel density 832 kg/m3 
Fuel consumption (Mass) 30 kg/100 km 
Sulfur in fuel (5 ppm) 5 mg/kg 
Sulfur from fuel 0.15 g/100 km 
Average oil consumption 0.075 % of fuel consumption 
Average oil consumption 0.022 kg/100 km 
Sulfur in oil 0.3 wt% 
Sulfur from oil 0.067 g/100 km 
Total sulfur per  distance 0.2 g/100 km 
Average volume SCR 27 dm3 
Mass Sulfur per volume SCR and distance 8 mg/(dm3 ∙ 100 km) 
  

With these assumptions, the sulfur exposure in the lab aging can be correlated to sulfur 
exposure in a vehicle. The “sulfur equivalent distance” in the lab aging is calculated to ca 430 
000 km. This is approximately half of the life time of a heavy-duty vehicle [11].  

5.3.2 Sulfur capture 
The sulfur capture on the SCR catalyst can be compared between the lab aging method and 
engine cell aging. Catalyst B has been aged by the two methods. The sulfur exposure and 
amount of sulfur after the aging is then compared to analyze how much of the sulfur that is 
captured by the two aging methods.  

The lab aging was carried out as described in the method at a poisoning temperature of 280 
⁰C. The sulfur exposure in the lab aging was, as shown in section 5.3.1 Sulfur exposure, 
calculated to 34 g/dm3 SCR catalyst. By assuming a catalyst density of 0.62 kg/dm3 a 
theoretical sulfur concentration if all sulfur stuck on the catalyst is calculated. The theoretical 
concentration is compared with the XRF result, giving a capture of  8%, Table 8.  

 
Table 8. Sulfur capture in lab aging, comparing sulfur exposure with amount of sulfur on catalyst. 

Sulfur capture in lab aging 
Sulfur exposure per volume SCR 34 g/dm3  
Density catalyst 0.62 kg/dm3 
Sulfur exposure per mass SCR 0.06 g/g  
Theoretical sulfur on catalyst 5.5 wt % 
XRF result 0.43 wt % 
Capture  8 % 
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For the engine cell aging, a SCR catalyst of 6.4 dm3 placed first in the exhaust gas 
aftertreatment system was investigated. Approximately 27 000 kg of low sulfur diesel (ca 5 
ppm sulfur) was used and the test was carried out under 500 hours with peak temperatures of 
520-530⁰C. Assuming a fuel consumption of 30 kg/100 km also in this example, 27000 kg 
would correspond to ca 90 000 km driving. The oil consumption was 13 kg, the sulfur level in 
the oil was assumed to be 0.3 wt%.  

The SCR catalyst was then analyzed by XRF measurements at three positions in the front, 
middle and rear parts of the catalyst. The calculations can be followed in Table 9. The capture 
in the front, middle and rear was calculated to 2.5 %, 1.8 % and 1.4 % respectively. When 
comparing the capture over the lab aged and engine aged catalyst (compare Table 8 and 9), 
one important factor is the temperatures that the catalysts have been exposed to where the lab 
aged catalyst only has been exposed to 280 ⁰C (except for de-greening at 500 ⁰C performed 
before sulfation) and engine aged catalyst for temperature peaks of 520-530 ⁰C. This is 
important as sulfur adsorb at lower temperatures and desorb at higher temperatures. Another 
explanation for the lower sulfur  apture over the engine aged catalyst could be competition 
between the other poisons that occur during engine aging. 

These results can also be compared with the 220 000 km engine aged SCR catalyst found in 
the literature. This catalyst had 0.09 % sulfur in the gas inlet of the catalyst but only a few 
ppm sulfur in the other parts. The results indicate that only the part located closest to the 
inlet is actually affected by sulfur. Comparing with the 220 000 km engine aged catalyst, the 
lab aging method seems to have a higher capture over the length of the catalyst. However, the 
220000 km aged SCR catalyst was located after the DOC. In the engine aged Catalyst B, 
located first in the system, the sulfur is distributed also in the rear part of the catalyst.  

Comparing the equivalent distance based on sulfur in the lab aging and on fuel consumption 
in the engine cell aging, the lab aging is corresponding to approximately 470 000 km whereas 
the engine cell aging to approximately 90 000 km. This is in agreement with the XRF results 
which shows a higher sulfur content on the lab aged than on the engine aged samples. 
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Table 9. Sulfur capture in engine aging, comparing sulfur exposure with amount of sulfur on catalyst.  

Sulfur capture in engine aging 
Fuel consumption 26690 kg 
Equivalent distance –based on fuel consumption 88966 km 
Sulfur in fuel (ca 5 ppm) 5 mg/kg 
Sulfur exposure from fuel 133 g 
Oil consumption  13 kg 
Oil sulfur level 0.3 wt% 
Sulfur exposure from oil 40 g 
Total sulfur exposure (oil+fuel) 174 g 
Volume SCR 6.4 L 
Sulfur exposure per volume SCR 27.2 g/dm3  
Density catalyst 0.62 kg/ dm3 
Sulfur exposure per mass SCR 0.04 g/g 
Theroetical wt% 4.4 wt% 
XRF front 0.11 wt % 
XRF middle 0.08 wt % 
XRF rear 0.06 wt % 
Capture front 2.5 % 
Capture middle 1.8 % 
Capture rear 1.4 % 

 

 

5.3.3 Apparent rate constant against sulfur content 
In Diagram 15, apparent rate constant at 220 ⁰C is plotted against sulfur content on the 
catalyst for lab aged and engine aged Catalyst B. The diagram shows that increased sulfur 
content correlates to decreased NOx conversion. As can be expected, the engine aged catalyst 
has a lower NOx conversion for similar sulfur contents. This suggests that in the engine aged 
sample, not only sulfur affects the decrease in NOx conversion.  
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Diagram 15. Apparent rate constant at 220 ⁰C is  plotted against sulfur on Catalyst B  determined by XRF for engine aged and lab 
aged Catalyst B. S-Sulfated, R-Regenerated, EA-Engine aged. Regeneration 700⁰C actually temperature increase from ~600-665 
⁰C. 

 

5.3.4 Comparison of conditions for lab and vehicle aging 
5.3.4.1 Sulfur exposure 

Assuming a ULSD fuel with 5 ppm sulfur and using the correlation shown in Figure 2, the 
concentration of SOx in the exhaust gases can be assumed to be approximately 0.2 ppm. 
Consequently, the concentration of 50 ppm SO2 that is used in the lab aging is 250 times 
larger than in exhaust gases in a vehicle. 

Due to experimental limitations, only SO2 was used in the lab aging test. In the vehicle it is 
most probable that at least some part of the sulfur is in form of SO3. From the literature study, 
it has been found that SO3 exposure is more detrimental than SO2 exposure.  

Depending on where the SCR catalyst is located in the exhaust gas aftertreatment system 
different ratios of SO3/SO2 can be expected.  For an SCR catalyst located after the DOC, a 
higher SO3/SO2 ratio is probable as the DOC have the ability to oxidize SO2. Whereas for a 
SCR located first in the system, the SO3/SO2 ratio is expected to be lower.  

Oxidation of SO2 is likely to also occur over the SCR catalyst and be dependent on the 
temperature over the catalyst. Thus, some SO3 poisoning can be expected to occur even 
though no SO3 is introduced in the lab aging.  

5.3.4.2 Ammonia during sulfation 
Due to experimental limitations, NH3 and SO2 were never introduced at the same time in the 
lab aging. This could affect the poisoning in different ways. In the literature study it was 
found that formation of copper sulfates and ammonium sulfates are two causes of deactivation 
of the Cu-zeolites where the former causes a more severe deactivation that requires higher 
temperatures for regeneration. In the literature it was also reported [48] that when ammonia 
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and SO2 is introduced simultaneously at 250 ⁰C, formation of ammonium sulfates are 
favourable and this might inhibit formation of copper sulfates. This could mean that the lab 
aging method with sulfation without ammonia present causes a sulfation that is more difficult 
to regenerate, due to formation of only copper sulfates instead of ammonium sulfates (at least 
for the sulfation at 220 ⁰C and 280 ⁰C). However, another study [54] showed that 
ammonium sulfates and copper sulfates are interchangeable depending on the availability of 
ammonia. Similar indications were found in the experiments in this project, suggesting that 
ammonium sulfates formed from the copper sulfates when introducing ammonia in the 
activity testing. This could mean that introducing SO2 and NH3 separately does not cause a 
sulfation that is more difficult to regenerate as the copper sulfates that formed under the 
sulfation change to ammonium sulfates upon NH3 exposure during the activity testing.  

5.3.4.3 Temperature 
A significant difference between the lab aging method and engine aging method is the 
temperature, which in the lab aging is constant and in the engine aging always varying. The 
fluctuations in the vehicle could cause a constant alteration between more or less severe 
poisoning as well as regeneration. While the constant temperature in the lab aging results in a 
sulfation that is different from the vehicle aging, the controlled temperature also enables a 
possibility of better understanding of the sulfation.  
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6. CONCLUSIONS 
A method that can be used for testing SCR catalysts on sulfur tolerance after SO2 exposure 
was achieved. It consists of eight steps, including de-greening, sulfur exposure, regeneration at 
two temperatures and a catalyst activity test after each step. The method compares NOx 
conversion in standard SCR conditions for fresh, sulfated and regenerated catalysts. Besides 
comparing different SCR catalysts on their sulfur tolerance, the method is also a tool that can 
be used for better understanding sulfur poisoning. This understanding is possible since the 
conditions in the lab aging are controlled and the effects of sulfur can be distinguished. 

The results from the testing method showed that sulfur poisoning at lower temperatures, 220 
⁰C and 280 ⁰C, caused a worse deactivation compared to sulfur poisoning at a higher 
temperature, 350 ⁰C. The conclusion from these results was that the poisoning were caused 
by adsorption of SO2, as more adsorption occurs at lower temperatures. Similar results have 
been found in the literature. The literature was however not consistent and in some works the 
opposite result were found, where a higher poisoning temperature caused a larger deactivation.   

The lab aging method was correlated to engine aging. With respect to sulfur exposure, the 
sulfur equivalent distance was calculated to approximately 430 000 km of driving. The activity 
of a lab and engine aged catalyst of the same formulation were tested in the SCAT rig. 
Apparent rate constants were calculated and plotted against sulfur content on the catalyst. For 
both lab and engine aged catalysts, a correlation between higher sulfur content and lower 
apparent rate constant could be seen.  

When comparing the conditions in the lab aging and engine aging, it can be concluded that 
the lab aging method is best comparable to an engine aged SCR catalyst located first in the 
system. This is based on two conclusions. (1) Poisoning is carried out with only SO2. A SCR 
catalyst located before the DOC would be exposed to a lower SO3/SO2 ratio than a catalyst 
located after the DOC, since the DOC oxidize part of the SO2 in the exhaust gases.  (2) 
Standard SCR conditions occur during the activity testing. A SCR catalyst located before the 
DOC be exposed to a lower NO2/NO ratio than a catalyst located after the DOC, as the 
DOC oxidizes part of the NO.  
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7. FUTURE WORK 

7.1 Stabilisation of SCR reactions 
In order to stabilize the slow and fast SCR reactions, the stabilisation time for the reactions 
should be increased. By this improvement also the fast and slow SCR reactions can be 
evaluated on their sulfur tolerance. 

7.2 Sulfur poisoning  
Further investigations on the sulfur poisoning in order to achieve better understanding should 
be performed. In the literature study the effect of poisoning temperatures were ambiguous 
where a higher temperature at SO2 exposure in some cases [46], [48] caused a worse 
poisoning and in some cases the opposite result was found [28], [47]. It would thus be 
interesting to do a poisoning at 400 ⁰C. A hypothesis that could be investigated by this 
experiment is that the SO2 oxidation over the SCR catalyst will be higher at a higher 
temperature, this resulting in that the generated SO3 can cause a more severe deactivation. 

As the literature shows that SO3 exposure cause a more severe deactivation than SO2 exposure 

[49], [50], it would be interesting to also introduce SO3 over the catalyst when investigating 
the sulfur tolerance. A possible methodology for doing this could be to do the poisoning and 
the activity testing in different steps. Poisoning could be carried out with a sulfur tolerant 
oxidation catalyst prior to the SCR catalyst. This would cause a poisoning with a ratio of 
SO3/SO2 dependent on the DOC temperature. In order to achieve better control of the 
conditions over the SCR catalyst during the activity testing, activity testing could be carried 
out without the oxidation catalyst prior to the SCR catalyst. This set-up would allow a 
poisoning with SO3 and SO2, and a controlled activity test.  

7.3 Regeneration 
As the temperature for the regeneration that was aimed to be carried out at 700 ⁰C, did not 
reach 700 ⁰C but was carried out over a temperature range between 600-665 ⁰C, the time for 
setting the regeneration temperature could be increased. As the literature study showed 
indications that regeneration can be carried out at lower temperatures if standard SCR 
conditions were present [14], it would be interesting to perform the regeneration under these 
conditions. Another reason for performing regeneration under standard SCR conditions is 
that these conditions are more similar to the conditions in the vehicle.  
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7.4 Correlation between engine and lab aging 
The correlation between engine aging and lab aging needs to be further investigated when 
more samples of engine aged Cu-zeolites are available for being studied. The work on the 
correlation could be performed by characterization on engine aged catalysts and lab aged 
catalysts.  

The results in this project indicates that sulfur capture are larger over the lab aged catalysts 
versus the engine aged catalysts, due to both temperature differences and competition between 
other poisons during engine aging. Based on this, the sulfur exposure might not be the 
preferable comparison for the correlation. Instead the sulfur content on the catalyst could be a 
better alternative, as the literature study suggests that the deactivation is related to the sulfur 
content on the catalyst. It would thus be interesting to compare sulfur content on engine aged 
SCR catalysts that have been aged under different driving distances. The sulfur content after a 
specific driven distance could then be correlated to the sulfur content on lab aged catalysts. 
This could give a complement to the “sulfur equivalent distance” calculated in section 5.3.1 
Sulfur exposure. This could be expressed in a similar form as Diagram 15. 

It would also be interesting to characterize engine aged catalyst and lab aged catalyst by XPS 
analysis, in order to investigate if sulfur is stored on the catalyst in same form. TPD with 
sulfur measurements would also be interesting to carry out in order to investigate if the stored 
sulfur desorb at same temperatures.  
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APPENDIX 
 

 

 

 

 

 

Diagram A16. Results from activity testing at 190 ⁰C of a fresh Catalyst A following sequence 1. The diagram shows the outlet 
concentrations of the gases after the catalyst measured by the FTIR instrument. 1. Reference standard, 2. Reference fast, 3. Reference 
slow, 4. N2, 5. NH3, 6. Standard, 7. Slow, 8. Fast, 9. NO. 

 

 

 
Diagram A17. Results from activity testing at 300 ⁰C of a fresh Catalyst A following sequence 1. The diagram shows the outlet 
concentrations of the gases after the catalyst measured by the FTIR instrument. 1. Reference standard, 2. Reference fast, 3. Reference 
slow, 4. N2, 5. NH3, 6. Standard, 7. Slow, 8. Fast, 9. NO. 
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Diagram A18. Results from activity testing at 220 ⁰C of a fresh Catalyst A following sequence 2. The diagram shows the outlet 
concentrations of the gases after the catalyst measured by the FTIR instrument. 1. Reference standard, 2. Reference fast, 3. Reference 
slow, 4. N2, 5. NH3, 6. Standard, 7. ANR=0.8, 8. Slow, 9. Fast, 10. NO. 

 

 

 
Diagram A19. Results from activity testing at 280 ⁰C of a sulfated (at 280 ⁰C) Catalyst A following sequence 2. The diagram shows 
the outlet concentrations of the gases after the catalyst measured by the FTIR instrument. 1. Reference standard, 2. Reference fast, 3. 
Reference slow, 4. N2, 5. NH3, 6. Standard, 7. ANR=0.95, 8. Slow, 9. Fast, 10. NO. 
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Diagram A20. Results from activity testing at 220 ⁰C of a fresh  Catalyst B following sequence 3. The diagram shows the outlet 
concentrations of the gases after the catalyst measured by the FTIR instrument. 1. Reference standard, 2. Reference fast, 3. Reference 
slow, 4. N2, 5. NH3, 6. Standard, 7. 500 ppm, 8. Fast, 9. 750 ppm, 10. Slow, 11. NO.  

 

 

 
Diagram A21. Results from activity testing at 280 ⁰C of a sulfated (at 280 ⁰C)  Catalyst B  following sequence 3. The diagram shows 
the outlet concentrations of the gases after the catalyst measured by the FTIR instrument. 1. Reference standard, 2. Reference fast, 3. 
Reference slow, 4. N2, 5. NH3, 6. Standard, 7. 500 ppm, 8. Fast, 9. 750 ppm, 10. Slow, 11. NO. 
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Table A10. Description of experimental procedure in SCAT-plan. Activity test is described by sequence 1,2 and 3, where the times in 
this plan corresponds to sequence 3. 

  Function Temperature Time (min) Gas composition 
De-greening Increase temperature 500 ⁰C 120 Air 

Stable catalyst De-greening 500 ⁰C 60 5 % H2O 

  Cool down 25 ⁰C 180   
         

Activity test Increase temperature 220 ⁰C 120 10 % O2 

Fresh catalyst activity Activity test 220 ⁰C 32 5 % H2O 

  Increase temperature 280 ⁰C 30 N2 

  Activity test 280 ⁰C 23 + NOx, NH3 

  Stabilize 280 ⁰C 30 N2 
         

SO2-exposure SO2 exposure 280 ⁰C 480 10 % O2 

      
 

5 % H2O 

       N2 

       50 ppm SO2 

  Decrease temperature 25 ⁰C 180 N2 
         

Activity test Increase temperature 220 ⁰C 120 10 % O2 

Sulfated activity Activity test 220 ⁰C 32 5 % H2O 

  Increase temperature 280 ⁰C 30 N2 

  Activity test 280 ⁰C 23 + NOx, NH3 
         

Regeneration 500 Increase temperature 500 ⁰C 30 10 % O2 

  Regeneration 500 ⁰C 30 5 % H2O 

  Decrease temperature 25 ⁰C 180 N2 
         

Activity test Increase temperature 220 ⁰C 120 10 % O2 

Activity after  Activity test 220 ⁰C 32 5 % H2O 

regeneration at 500 Increase temperature 280 ⁰C 30 N2 

  Activity test 280 ⁰C 23 +NOx, NH3 
         

Regeneration 700 Increase temperature 700 ⁰C 30 10 % O2 

  Regeneration 700 ⁰C 30 5 % H2O 

  Decrease temperature 25 ⁰C 210 N2 
         

Activity test  Increase temperature 220 ⁰C 120 10 % O2 

Activity after  Activity test 220 ⁰C 32 5 % H2O 

regeneration at 700 Increase temperature 280 ⁰C 30 N2 

  Activity test 280 ⁰C 23 + NOx, NH3 

  Decrease temperature   190 N2 

Total     2570 min 

      42,8 hours 
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Diagram A22. Sulfated catalyst NOx conversion at 280 ⁰C expressed as % of fresh activity. Three different sulfation temperatures 220 
⁰C, 280 ⁰C and 350 ⁰C. Sulfation with 50 ppm SO2 in 8 hours. 

 

 

 
Diagram A23. NOx conversion over Catalyst A at 220⁰C for fresh catalyst, sulfated at 220⁰C, regenerated  at 500⁰C and regenerated 
at 700⁰C, standard SCR conditions. Regeneration at 700⁰C was actually a temperature increase between 600-665⁰C. 
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Diagram A24. NOx conversion of Catalyst A at 280 ⁰C for fresh catalyst, regenerated  at 500 ⁰C and regenerated at 700 ⁰C, standard 
SCR conditions. Activity test is never performed at a higher temperature than sulfation/regeneration to ensure no regeneration during 
activity test. Therefore no sulfated activity measured at 280 ⁰C Regeneration at 700 ⁰C was actually a temperature increase between 
600-665 ⁰C. 

 

 
Diagram A25. NOx conversion of  Catalyst A at 220 ⁰C for fresh catalyst, sulfated at 350 ⁰C, regenerated  at 500 ⁰C and regenerated 
at 700 ⁰C, standard SCR conditions. Regeneration at 700 ⁰C was actually a temperature increase between 600-665 ⁰C. 
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Diagram A26. NOx conversion of Catalyst A  at 280 ⁰C for fresh catalyst, sulfated at 350 ⁰C, regenerated  at 500 ⁰C and regenerated 
at 700 ⁰C, standard SCR conditions. Regeneration at 700 ⁰C was actually a temperature increase between 600-665 ⁰C.  
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