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Abstract
The road transportation is a big source for the release of NOx emissions. NOx has been
confirmed to cause negative affect on the air-quality especially in the urban areas, there are
therefore regulations for allowed released amount from vehicles. The most adopted technology
used for the reduction of these NOx emissions from the diesel exhaust gas is the ammonium
selective catalytic reduction (NH3-SCR) using a Cu-zeolite as the catalyst in the system.
The SCR catalyst can be deactivated through different mechanism, whereas poisoning by
sulfur has been documented to be an important factor for the deactivation. The degree of
deactivation of the catalyst has been suggested to vary depending on the catalytic material and
which sulfur conditions the catalyst is exposed to, where SO3 has been indicated to cause more
sever deactivation compared to SO2.
The aim of this project has been to investigate the deactivation mechanism of Cu-zeolites at
different SOx conditions and evaluate potential regeneration mechanism. The project was carried
out by evaluating the catalysts, Cu-BEA and Cu-SSZ-13, over different reactions that occurs in
the SCR system, investigating the deactivation effect caused by SO2 poisoning and the
regeneration potential. The project was then continued with the focus on the Cu-SSZ-13 catalyst
investigating different SOx poisoning and regeneration conditions were investigated. In order to
investigate the SO3 poisoning a generator using oxidation of SO2 to SO3 was successfully build
during this project. A kinetic model over the Cu-SSZ-13 NH3-SCR reactions was also built
based on literature studies and the experimental data obtained. The results from the sulfur
poisoning of Cu-BEA are based on the master thesis by Maria Arvanitidou.
The fresh samples Cu-Beta and Cu-SSZ-13 exhibited similar activity, with the exception of
the high formation of N2O observed over Cu-Beta under SCR conditions. The SO2 causes
deactivation, especially at low temperatures. Cu-SSZ-13 exhibited more loss in activity but was
able to recover more through the elevated SCR regeneration steps than the Cu-Beta. When SO2
exposure was performed together with NH3, larger deactivation was observed, likely due to
ammonium sulfate species formed on the surface. The ammonium sulfate species were less
thermally stable than copper sulfates, making it easier to recover the loss of activity in the CuSSZ-13. SO3 caused a much more sever deactivation of the SCR reactions than that of the SO2
poisoning and continued to show the lowest NOx removal activity after the regeneration process.
A difference in initial deactivation and recovery of activity between standard and fast SCR
reactions was observed, indicating that the different mechanisms used are affected differently by
the poisoning. The kinetic model for NH3-SCR over the Cu-SSZ-13 was successfully created
when compared to the experimentally obtained data.
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1 Introduction
Air pollution is an issue that affects both the environment and the human health. The road
transportation sector is a major contributor to some of these harmful emissions. One of these
pollutants is the greenhouse gas carbon dioxide (CO2), which is formed through during the ideal
combustion process of fuel. Other emissions such as hydrocarbons (HC) and carbon monoxide
(CO) are also produced as a result from incomplete combustion. Furthermore, the road transport
sector is a big contributor of nitrogen oxides (NOx), which mainly result from secondary
reactions when the nitrogen in the air reacts with oxygen under high temperatures. These NOx
emissions are of particular importance since it affects the air-quality in the urban areas to a
greater extent. In a study performed by NEC 2010 over the 27 EU member states which was
executed on the behalf of the EU commission to the more than 30% of the NOx contribution in
the EU is caused by the road transports, result from study presented in Figure 1 [1].

Figure 1. Pie chart of the measured contributors to NOx emissions released to the atmosphere
over the 27 EU countries [1].

Different techniques have been used in order to reduce the harmful emission caused by road
transportation. An efficient exhaust cleaning technology for gasoline engines is the Three-way
catalyst, TWC. This technology operates at stoichiometric conditions and is capable of oxidizing
the CO and HC and reducing NOx emissions from the exhaust gases. The TWC is however not
capable of reducing CO2 that is formed through the combustion [2]. With a growing interest of
reducing this greenhouse gas emission, improving the fuel efficiency has become more
12

important. This can be achieved by having a higher air-to-fuel ratio, as in the case of diesel
combustion engine [3, 4]. However, a major problem with using a higher oxygen levels is that
the reduction of NOx can no longer be achieved using TWC technology [2]. Instead new catalytic
systems have to be implemented for this oxygen-rich exhaust gas. The Selective Catalytic
Reduction (SCR) using urea is one of the most established methods used in these systems, where
a catalyst with the help of ammonia reduces the NOx levels to acceptable amounts [3]. Some of
the important qualities required for the catalyst used in this technology are high activity for the
desired SCR reactions, high thermal stability and poisoning tolerance. Metal exchanged zeolites
with iron or copper have proven to be good options and are commonly used for the SCR
technology [4].
Cu-zeolites used for the SCR catalyst have been observed to have a good NOx reduction
activity and high thermal durability, especially that of chabazite (CHA) structure. One of the
main problems for Cu-zeolite SCR catalyst is the sensitivity to sulfur poisoning. The sulfur
poisoning is problematic since it deactivates the catalyst active copper sites, resulting in
decreased NOx conversion [5]. It is therefore of high interest to have an efficient regeneration
process of the deactivated catalyst in order to have less fuel penalty and minimized aging of all
components.

13

1.1 The objective
The objective of this thesis is to study the mechanism of SOx poisoning and regeneration
process of Cu-zeolite SCR catalysts. Cu-SSZ-13 was investigated in this work and compared
with Cu-Beta from the master thesis by Maria Arvanitidou. The activity of the fresh and after
sulfur poisoning on different important NH3-SCR reactions, as well as the NH3 storagedesorption performance were investigated. In this thesis the impact of different sulfur poisoning
conditions was examined. The recovering possibility using different regeneration processes were
alos compared, to help propose more efficient regeneration procedures.
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2 Background
2.1 Diesel engine
A diesel engine is a compression-ignition engine that mixes the fuel and air inside the engine.
The diesel engine operates at leaner conditions compared to that of petrol engines, using excess
of oxygen in form of air, which causes more complete combustion. The air is highly compressed
inside the combustion chamber which in turn generates high enough temperatures for the diesel
fuel to self-ignite when compressed in the cylinder. With this technology the diesel engine
converts the chemical energy from the fuel into mechanical force [3]. The lean internalcombustion engine of diesel vehicles possesses a greater fuel efficiency than that of the gasoline
engine and produces lower amount of CO2 emissions for the same amount of power output [3, 4,
6] .

2.2 Diesel Fuel
The diesel fossil-based fuels are produced form distillation of crude oil and consist of a
mixture of hydrocarbons. The diesel fuel requires lower temperature, approximately on average
350°C, to ignite in the engine compared to the gasoline fuel, that in average requires 500°C [3].
The diesel fuels ability to ignite is measured as Cetane number, the higher the number the greater
the ignition tendency. Other characteristics in high quality diesel fuel is; low content of aromatic
compounds, low final boiling point and low sulfur content [3].
The sulfur content in diesel fuels has rapidly decreased due to the increasingly stringent
legislations put in place. To have low sulfur levels in the fuel is of high importance to minimize
particle emissions and exhaust smoke. The sulfur will also cause deactivation of the catalyst used
in the exhaust-gas aftertreatment. Nowadays, ultra-low sulfur diesel (ULSD), 10 ppm sulfur
content, is used in on road vehicles in North America and Europe [7].
Air quality and the environment have increasingly become the driving force for developing
new technologies and alternative fuels. There has been extensive research done on alternative
15

fuels to the petroleum-based diesel and important renewable fuels are: synthetic diesel fuel,
vegetable oil e.g. rapeseed oil, dimethyl ether (DME) and biodiesel based on fatty acid methyl
ester (FAME) or fatty acid ethyl ester (FAEE). There are standards regarding the biodiesel
quality allowed, the most comprehensive legislation worldwide is the European Standard EN
14214 [4].

2.3 Emissions from diesel vehicles
Ideally during complete combustion of fuel in the diesel engine only carbon dioxide (CO2) and
water (H2O) would be formed in the combustion chamber. However, this ideal combustion
conditions cannot fully be achieved, due to different reasons such as e.g. air-fuel ratio,
concentration, turbulence or ignition timing. Thus, the absence of ideal combustion conditions
with the air-fuel mixture generates a few harmful byproducts during combustion [3]. The most
significant byproducts from the combustion are carbon monoxide (CO), hydrocarbons (HC),
NOx and particulate matter (PM). An approximate composition of the exhaust gas is presented in
Figure 2 [8].

Figure 2. The estimated composition of exhaust gas from diesel vehicles [8].

2.4 Legislation
Due to increased awareness of the negative effect of the emissions caused by road
transportation, governments have developed standards of regulatory amounts of emissions
16

allowed. In Europe the Euro standard was initiated in 1993, and the standard has been
continuously developed and restricted with increasing awareness of these emissions. Currently,
the valid standard in place in Europe is the Euro VI. In Table 1 below, the different standards
that have been put in place by European Union for heavy-duty vehicles are presented. As seen
the limit for allowed emissions is lowered for each new standard and the legislation can be
expected to become even more stringent in the future [8-10].
Table 1. Standards for heavy-duty vehicles in the European Union [10].

Euro standard

CO (g/kWh)

HC (g/kWh)

NOx (g/kWh)

PM (g/kWh)

Euro I

4.5

1.1

8.0

0.61

Euro II

4

1.1

7.0

0.15

Euro III

2.1

0.66

5.0

0.13

Euro IV

1.5

0.46

3.5

0.02

Euro V

1.5

0.46

2.0

0.02

Euro VI

1.5

0.13

0.4

0.01

Moreover, the European committee of Standardization has also published the allowed
standard for physical properties of diesel fuels used in on-road automotive called EN 590. The
properties regulated in the diesel fuel are for example the Cetane number, the permitted FAME
percentage and sulfur content. The EN 590 have also been revised with a continuously lowered
allowed sulfur content in the diesel fuel, today the permitted sulfur content of diesel is down to
10 ppm, so called “sulfur-free” [11].
Even though the fuel is regulated to be "sulfur free" there will always be some sulfur
compounds from the fuel and lubricant oils that can oxidize and form sulfur dioxide (SO2).
Sulfur poisoning continues to be one of the biggest problems of the different catalysts in the
diesel exhaust system after treatment [12].
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2.5 Exhaust after-treatment in diesel vehicle
In order to reduce the pollutant emissions and reach more stringent legislations, as previously
mentioned a well-designed after treatment system must be adapted to the diesel engine. The most
commonly used technology for NOx reduction is the selective catalytic reduction using ammonia
(NH3-SCR) [4].
In this section, common implemented technologies used to reduce the emissions to meet the
current legislations will be described. In Figure 3 a schematic picture of the setup of the aftertreatment system used for diesel exhaust is presented.

Oxidation of HC, CO
and NO

NOx
HC
CO

DOC

Urea
Soot and PM
removal

NOx decline

SCR

DPF

NH3 removal

ASC

N2
H2O
CO2

Figure 3. Schematic illustration over after-treatment system adopted in Euro VI diesel vehicles.

2.6 Diesel oxidation catalyst, DOC
The Diesel oxidation system, DOC, is commonly located before the SCR system. Thus, the
DOC reactions described below will alter the exhaust gas feed to the SCR system, if
implemented.
DOC is used to remove emissions from the exhaust gas such as carbon monoxide, CO, and
hydrocarbons (HC) by oxidization to form CO2 and water vapor. Furthermore, the DOC reduces
particulate mass by oxidation of long-chain hydrocarbons that are a result from unburned fuel
and lubricating oil, generally called soluble organic fractions (SOF) [13]. The DOC system
doesn’t really contribute to the reduction of NOx. It is however capable of oxidizing NO to NO2.
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2𝑁𝑂 + 𝑂2 → 2𝑁𝑂2

(1)

This oxidation is important for the after-treatment system since the NO2/NOx ratio is of
importance to the SCR technology in enabling fast SCR reactions (Described later in the section
SCR reaction)[4] as well as for the regeneration of the diesel particulate filter (DPF).
Another reaction that might occur in the DOC system is the oxidation of SO2 to SO3 [11].
2𝑆𝑂2 + 𝑂2 → 2𝑆𝑂3

(2)

Furthermore, the produced SO3 can then proceed to react with the water vapor present in the
exhaust gas and produce sulfuric acid, H2SO4 [14].
𝑆𝑂3 + 𝐻2 𝑂 → 𝐻2 𝑆𝑂4

(3)

These sulfur species are commonly referred to as SOx. When the DOC gets exposed to these
sulfur species, storage on the catalyst might occur, which in turn affects the oxidation capability.
The impact of the formed SOx will also cause degradation to the performance of the catalysts
placed downstream in the after-treatment system, the SCR catalyst in particular is sensitive to
this exposure [12].

2.7 Diesel particulate filter, DPF
The diesel particulate filter, DPF, is part of the diesel after-treatment system, and its function
is to capture diesel particulates emissions in order to prevent its release to the atmosphere [3]. It
is most effective in capturing the solid fractions in the exhaust gas such as element carbons
(soot). However, the DPFs ability to filter other non-solid fractions emissions such as SOF and
SOx is very limited [15].
The DPF accumulates soot, and if the accumulation of the collected particulates is too large it
will eventually cause a high pressure to drop within the filter and this will in turn cause negative
effect to the engine operation. It is therefore critical to remove the accumulated particulates in
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order to restore the collection capability in the DPF and reduce the pressure drop. The
regeneration process can be done either continuously meaning performed during regular
operations, or periodically, as in only once a pre-determined soot quantity has been accumulated
on the filter. Most commonly used regeneration of DPF is thermal regeneration at 600-700°C,
where the accumulated particulates are oxidized to primarily CO2, using O2 and/or NO2 [15].

2.8 Selective catalyst reduction, SCR
The Selective catalytic reduction, SCR, with NH3 in the form of urea is considered to be one
of the most effective methods of NOx emission reduction from lean exhaust gases. The SCR
technology was successful adapted to the mobile diesel engines in the mid-2000s [16]. In order
to adopt the SCR technology from stationary sources to diesel vehicle exhaust system a few
challenges have had to be dealt with, as for example sufficient urea dosage and catalyst
optimization. The most common used solution of urea/water used in transportations is called
AdBlue, which properties complies to the DIN 70070 standard [3].

2.9 SCR Reactions
Due to safety issues of storing and transporting ammonia the preferred reductant in the NH3SCR system is aqueous urea, H2N-CO-NH2. The urea is injected in to the hot exhaust stream, in
which it decomposes and then reacts with water in the exhaust according to following reactions
[16].
𝑁𝐻2 𝐶𝑂𝑁𝐻2 → 𝑁𝐻3 + 𝐻𝑁𝐶𝑂

(4)

𝐻𝑁𝐶𝑂 + 𝐻2 𝑂 → 𝑁𝐻3 + 𝐶𝑂2

(5)

The NOx in the diesel exhaust mainly consists of NO. Therefore, termed “Standard SCR” is
the main reaction occurring in the SCR system between NO and NH3 [4].
4𝑁𝐻3 + 4𝑁𝑂 + 𝑂2 → 4𝑁2 + 6𝐻2 𝑂
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(6)

Nitrogen dioxide, NO2, will also be present in the exhaust gases, because the DOC that is
placed before the SCR system can oxidize a significant amount of NO into NO2. Reactions
involving NO2 will therefore also take place inside the SCR system. When the ratio of NO2/NOx
is 0.5 the so called “Fast SCR” reaction takes place at a higher reaction rate than the standard
reaction, following [4, 17].

2𝑁𝐻3 + 𝑁𝑂 + 𝑁𝑂2 → 2𝑁2 + 3𝐻2 𝑂

(7)

When the exhaust consists of a higher composition of NO2 the so called “slow SCR” might
instead take place [17]
8𝑁𝐻3 + 6𝑁𝑂2 → 7𝑁2 + 12𝐻2 𝑂

(8)

There are also some undesired reactions that take place in the SCR system. For instance,
during high temperatures, NH3 oxidation may occur that in turn limits the NH3 available for the
NOx conversion. The direct NH3 oxidation occurs accordingly [18];
4𝑁𝐻3 + 3𝑂2 → 2𝑁2 + 6𝐻2 𝑂

(9)

Furthermore, nitrous oxide, N2O, which is an undesirable byproduct and strong greenhouse
gas, may be formed by unselective reactions such as [5, 18].
2𝑁𝐻3 + 2𝑁𝑂2 → 𝑁2 𝑂 + 𝑁2 + 3𝐻2 𝑂
4𝑁𝐻3 + 4𝑁𝑂 + 3𝑂2 → 4𝑁2 𝑂 + 6𝐻2 𝑂
At low temperatures, the formation of N2O is most likely

(10)
(11)

due to the formation and

decomposition of ammonium-nitrate, NH4NO3 [19].
2𝑁𝐻3 + 2𝑁𝑂2 → 𝑁𝐻4 𝑁𝑂3 + 𝑁2 + 𝐻2 𝑂
𝑁𝐻4 𝑁𝑂3 → 𝑁2 𝑂 + 2𝐻2 𝑂
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(12)
(13)

2.10 Ammonia Slip Catalyst, ASC
Diesel exhaust after-treatment with SCR technology usually also contains a catalyst that
provides a selective ammonia oxidation function. It is necessary to minimize the amount of NH3
leaving the SCR system. Oxidation of NH3 forms both N2 and NO, which contradicts the NOx
reduction exhaust system purpose. The Ammonia slip catalyst (ASC), however, has a catalyst
that holds a combination of NH3 oxidation and SCR function [4]. This is achieved by partly
oxidizing the NH3 and then use the newly formed NO to form N2 following the usual SCR
reaction. This technology is thereby able to eliminate the excess NH3 and simultaneously reduce
the NO, which aids the NOx emission reduction further [20]. This is achieved by having two
layers; one SCR layer and closest to the wall an ammonia oxidation layer.

2.11 Catalysts for NH3-SCR
Different catalyst has been applied in the SCR technology and the three most commonly used
are Vanadia- based, iron- zeolite or copper-zeolite.
Vanadia catalyst for NOx reductions have successfully been implemented to diesel vehicle
exhaust treatment and was initially introduced to mobile applications with the introduction of
Euro IV legislation. The active component in this SCR catalyst is V2O5, which is usually
impregnated on a TiO2 carrier material. Furthermore, WO3 is added to improve the thermal
durability and increase the acidity of the catalyst. A disadvantage with using the vanadia catalyst
is that it has a temperature operation range capability between approximately 250- 500°C, at
temperatures above that deactivation of the catalyst occurs due to structural changes of TiO2.
This sensitivity towards higher temperatures is problematic when the DPF technology was
implemented, since this technology requires high temperatures to regenerate its soot collection
capacity and further this regeneration process also generates high temperatures through he
oxidation of carbon which is a highly exothermal reaction. Other issues with the use of this
catalyst is the high oxidation rate of SO2 to SO3 and the potential emission of harmful vanadium
gases if temperature is too high [4, 21].
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Zeolite exchanged with metals have been proven very active for NOx reduction in the NH3SCR technology. These catalysts have an improved hydrothermal stability, compared to that of
the vanadia-based catalyst, which is the reason as to why these catalysts have become the prime
focus for the SCR catalyst implementation. Cu- and Fe- exchanged zeolite are commonly applied
in the SCR system in Euro VI ( & EPA 2010) after treatment systems. Though, the durability of
these catalysts are still a concern as there are a few known deactivation mechanisms [4, 12].
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2.12 Zeolites
Zeolites are crystalline aluminous silicates with a microporous structure that can be found in
nature or produced synthetically. The zeolites framework consists of connected tetrahedrons,
usually Si and Al, linked together by shared oxygen atoms. The tetrahedrons are arranged so
each oxygen anions are shared by silica or alumina tetrahedron. Because alumina has a lower
charge than the silica making the framework negatively charged. Thus, a cation is needed for
balance the charge, this cation may be in the form of a proton or another positive ion. The cation
is mobile within the framework and can also be exchanged [22].
The zeolite has a framework structure that creates a pores structure within the zeolite. The
diameter of the zeolite pores varies based on the number of oxygen atoms in the ring. The
zeolites is generally divided in to three categories based on the pore size: small, medium and
large pores which each have the pore size diameter of approximately 0.35-0.45, 0.45-0.60 and
0.60-0.80 nm [23].
When used for catalytic purposes the zeolite usually is put through an ion exchange
treatment. The most commonly ions used for zeolites as NH3-SCR catalysts are, as previously
mentioned, iron and copper. Both Fe- and Cu-zeolites have been compared extensively for their
activities of NOx reduction and have different benefits depending on the conditions [4].
Iron exchanged zeolites, have proven to have the best high temperature performance.
Though, it has been observed that the Fe-zeolites performances are more affected by NO2
concentration in the inlet gas, especially for low temperature performance. The Fe-zeolites have
also shown significant lower NH3 storage capacity and have a less activity for NH3 oxidation by
O2 compared to that of Cu-zeolites. Although, Fe-zeolites have been proven to be less sulfur
sensitive as that of Cu-zeolites it has shown more affected by contamination of HC poisoning
[4].
Copper exchanged zeolites have been determined to have the best low temperature
performance (<150°C) of the different SCR catalysts. For the more common diesel engine
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temperature condition around 200-300°C, the Cu-zeolites have also shown to be more active than
that of Fe-zeolite catalyst. Compared to the Fe-Zeolites, Cu-zeolites have proven to be less
selective in NH3 utilization for NOx reduction at higher temperature, though this can be
compensated by slight NH3 excess [4]. Furthermore, changes in NO2/NOx ratio have been
determined to have less effect on the catalyst steady state performance. However, Cu-zeolites
have been proven to be more sensitive to sulfur poisoning and loses low temperature (< 300°C)
SCR activity once exposed [24] and it has also shown less hydrothermal stability compared to
that of the Fe-zeolites [25].
2.12.1 Zeolite Beta (BEA Framework)
The zeolite Beta is a large pore sized zeolite, with the pore openings of 7.5*7.7Å, that
consists of a 3-dimensional 12-member rings system. These zeolites are built with a disordered
structure, usually caused by intergrowth of its polymorphs. This zeolite family is of high-silica
framework and can be synthesized with a silica-to-alumina ratio from 5 to infinity. Due to the
broad range of chemical compositions and the 3D 12-ring system that beta zeolites have, they
have been used for many applications in the chemistry industries [26].

Figure 4. Illustrations of the BEA framework and channel system [27].

2.12.2 Zeolite SSZ-13 (CHA Framework)
The zeolite SSZ-13 is a small pore zeolite that possesses the chabazite, CHA, framework
structure. The CHA family structure is built by connecting double six-member rings through
tilted four rings. The framework contains a large cavity, called cha cavity, which is accessible by
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a 3-dimensional 8-ring pore system. The CHA framework is a part of the ABC-6 family and can
be synthesized with a Si/Al ratio from 1 to infinity [27]. The CHA can be synthesized as a
silicoaluminophosphate (SAPO-34) or a silica aluminosilicate (SSZ-13). These small pored
zeolites-based copper exchanged catalyst have been found to be more active, selective and have
superior thermal stability for the SCR catalyst application [4, 26, 28, 29].

Figure 5. Illustration of the Chabazite framework [22].

2.12.3 Catalyst activity mechanism of Cu-zeolites
Several different Cu-zeolites with different frameworks have been studied for NH3-SCR
application and a correlation between pore size selectivity and the catalyst activity have been
noted. Small pored zeolites as SCR catalyst have been found to not only be more hydrothermally
stable but also more active and selective within the temperature range of interest [4, 28]. For
instance, the NH3 oxidation activity of Cu-SSZ-13 has also been proven to be higher for that of
larger pore sized zeolites. [28]. The production of N2O have also been proven to be very low for
Cu-SSZ-13, implying that its more selective regarding converting NH3 to N2 compared to CuBeta that have shown to produce significantly more N2O [4, 5].
It is widely accepted that the NO reduction is catalyzed by the copper ions introduced to the
zeolite through ion exchange treatment [5, 29]. Several studies have tried to unravel complexities
of the active sites inside the Cu-SSZ-13. In early studies it was proposed that the activity was
caused by mainly Cu2+ in the six-member ring cages [30], in later study by Kwak et al.[31] it
was further concluded that the active Cu2+ ions primarily occupy the two cationic position
existing within the framework of Cu-SSZ-13, namely the 6-menmber ring and inside the 8member ring. The number and nature of the copper ions in the zeolite affects the catalyst activity
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of the zeolite. More recent works have shown that the number, position and nature of the copper
ions in the zeolite that affects the catalyst activity of the zeolite depended on not only the ion
exchange level but also which Si/Al ratio the framework possess [32-35]. Depending on the
method used for ion exchange different types of copper sites may form. The aqueous ionexchange method, copper have been observed to mainly form as Cu2+ located at the most stable
position inside the framework [36]. Whereas the solid-state ion exchange method has been
shown to result in unreacted CuO in addition to the isolated Cu2+ ions [37].
However, the nature of the reaction mechanism of NH3-SCR over Cu-Zeolites is still debated
and no definite conclusion has been able to be drawn. It has been suggested that both Cu+ and
Cu2+ species are active for NH3-SCR as either monomers or dimers in the copper exchanged
zeolites [38]. A reduction-oxidation interconversion between the Cu2+ and Cu+ species inside the
Cu-ZSM-5 has been observed and concluded to be important for the SCR activity [39]. Research
performed on Cu-Beta zeolites showed comparable results to that of Cu-ZSM-5, indicating
similar active copper species and mechanisms are involved [40].
Recently, a possible mechanism scenario of SCR reaction in Cu-CHA zeolites was put
forward by Janssens et al. [41]. In this study a possible scheme of the catalytic reaction cycles
was suggested, which is shown in Figure 6.

Figure 6. Proposed reaction mechanism of SCR reaction over Cu-zeolites. The blue line represents the standard SCR
mechanism and the blacklines represent the fast SCR mechanism [41].
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This catalytic cycle for fast and standard SCR reactions considers both the stoichiometry and
charge preservation. Both reaction paths experience the same reduction steps, but the oxidation
step differs due to the availability of NO2. It was suggested that the oxidation of NO by O2 is the
rate limited step involving the standard SCR, this step is avoided in fast SCR with excess NO 2
and thus explains why the fast SCR occurs at a higher rate. However, since these zeolites have
such a low NO to NO2 oxidation activity it is suggested that the SCR and NO oxidation are
caused by two different catalytic cycles. For the reduction of Cu2+ to Cu+ both the presence of
NH3 and NO are required, and this reduction is in turn the rate limited step for NO to NO2
oxidation.
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2.13 Deactivation mechanism of Cu-zeolites SCR
Deactivation of a catalyst refers to the loss of catalyst activity and/or its selectivity. During
the actual SCR application there are two primary degradation mechanisms to the Cu-zeolites
SCR-catalyst that is of concern namely sulfur poisoning and hydrothermal aging.
In this thesis the sulfur poisoning and regeneration mechanisms of the Cu-zeolite in SCR
system was investigated, thus, the focus will be on this type of catalyst deactivation for the SCR
system.

2.13.1 Hydrothermal deactivation
Evading hydrothermal aging/deactivation of the zeolite is of high importance since it is
typically irreversible and will impact the performance of the catalyst. Zeolites crystalline pore
structures are sensitive to high temperatures and when overheated the structure collapses to
denser crystalline phases [4]. Water accelerates this phenomenon by attacking and detaching the
aluminum sites in the framework. The dealumination process will affect the zeolite structure and
thus correspondingly change the acidity and nature of the exchange sites. These properties are
important for the SCR catalytic reaction and any change in them will inevitably impact the
catalyst performance. Water content in the exhaust stream is unavoidable since it is produced in
the fuel combustion process in a diesel engine. Thermal stability of SCR catalyst is mainly
required for when DPF technology is in place, since this need thermal regeneration at a
temperature of 600°C or higher [3, 15].
Several studies have been performed on the mechanisms of hydrothermal aging over zeolite
catalyst [42-44]. The effect of thermal exposure has shown to depend on the framework of the
zeolites. Research have shown that small pore zeolites, such as SSZ-13, have much better
hydrothermal stability than zeolites with big pores such as Beta or ZSM-5 [29, 43]. The
preparation method used for the synthesized Cu-zeolites have also shown to have a correlation to
its hydrothermal stability, this is suggested to be due to different copper species formation.
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Zeolites prepared through wet ion-exchange have been proven have better hydrothermal stability
compared to when other methods are used [45].
2.13.2 Sulfur poisoning
The durability towards sulfur poisoning is of high importance for the SCR catalyst. The
exhaust gas inevitably will contain sulfur, primarily as sulfur dioxide, thus the catalyst will be
cumulatively exposed to sub-ppm SOx levels. It is therefore of great interest to investigate the
sulfur impact on the SCR performance and the mechanism involved. Several studies on the
effects of sulfur poisoning have been performed on Cu-zeolites [12, 46-50].
Sulfur exposure have shown to severely inhibit the low temperature (<300°C) of the Cuzeolites NH3-SCR activity [12, 46-48, 51]. The observed degree of deactivation also varies
depending on the SCR reaction, for example, it has been established that fast SCR is less affected
than the standard SCR activity by poisoning [52]. High temperature SCR activity, on the other
hand, seems to remain unaffected or less sensitive to the sulfur poisoning [12, 47, 51].
The mechanism behind the sulfur poisoning is still not fully known but has been investigated
in several studies. Several studies have linked the deactivation of Cu-zeolites due to sulfur
poisoning to a loss of Cu sites. In fact, a study performed by Shen et al. [53] investigated this
deactivation mechanism of sulfur concluded that the formed sulfur species did not influence the
zeolite framework, instead it was attributed to a loss of Cu sites.
Zhang et al [47] drew the conclusion that the loss of the active Cu sites was caused by
formation of ammonium sulfate ((NH4)2SO4). Though, a complete recovery of the activity after
decomposition of the (NH4)2SO4 could not be achieved, suggesting that formation of metal
species also occurs. Other studies suggested that the main reason for deactivation was a result of
sulfation of the active Cu sites that prevented the redox cycle ability in the catalyst [52, 53].
The Cu-zeolites have also proved to be impacted by the poisoning differently depending on
which conditions are used during the SO2 exposure to the catalyst. For instance, sulfur poisoning
in the presence of NH3 has proven to decrease the activity of the Cu-zeolite more than compared
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to when it is exposed to SO2 only. The reason of this more severe deactivation was determined to
be caused by the formation of the ammonium sulfate species, in addition to the Cu sulfate
species, on the surface that forms when SO2+NH3 co-adsorb. The ammonium sulfate species
have, however, proven to be less stable than that of the Cu sulfate species, which results in that
more extensive regeneration of the zeolites activity can be achieved with lower temperatures [47,
48]. In fact, Su et al. [54] observed a complete recovery of Cu/CHA catalyst after poisoning with
sulfur together with NH3-SCR gases at regeneration temperature of 450°C.
Wijayanti et al. [49] investigated the deactivation of SO2 poisoning together with different
gas compositions. In this study poisoning under dry + lean, humid, with NH3 and SCR
conditions was performed and evaluated on a Cu-SSZ-13 catalyst. Dry + lean SO2 poisoning
proved to mostly form weakly bound SO2 and copper sulfate species, and when humid
conditions were used prove to result in more formed sulfur species. When poisoning was
performed together with NH3 and SCR conditions a much higher uptake of SO2 could be
observed. It was found that the sulfur was mainly in the form of ammonium sulfate species,
indicating that this formation occurs at a higher rate compare to other sulfur species.
The temperature at which the sulfur poisoning occurs has also been proven to influence the
degree of catalytic deactivation. The NOx reduction activity of Cu-zeolites gets more reduced
when the SO2 poisoning is performed at lower temperatures [12, 50, 51]. A study performed by
Kumar et al. [12] investigated this effect of different temperatures in poisoning of SO2 in SCR
conditions. It was discovered that at higher temperatures (400°C) the poisoning caused fewer
more stable copper sulfate species on the zeolite, whereas at lower temperatures (200°C) the
main species formed were less stable ammonium sulfates.
There are a few studies investigating the different impact and poisoning mechanisms of SO2
and SO3 on the Cu-zeolites. This is of great interest since, as previously mentioned, with the
implementation of DOC technology upstream to the SCR catalyst, partly oxidation of SO2 to
SO3, and with water present in the stream even some formation of H2SO4, is very likely to occur.
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The researches performed on this topic have seen that SO3 have been proven to cause more
significant deactivation than that of SO2 [14, 50, 51].
The severity of the Cu-zeolites deactivation caused by SO3 poisoning have been linked to the
temperatures used during poisoning. Chen et al. [51] compared the deactivation on Cu-zeolite
caused by SO2 vs SO3 at 200, 300 and 400°C, it was found that the SO3 poisoning was more
significant for all temperatures. In another study, the comparison of SO2 and SO2+ SO3 using a
poisoning of 200°C and 400 °C was done. In this study it was found that the catalyst exhibited
similar deactivation after poisoning at 200°C for the poisonings. However, when 400°C were
used for these poisoning conditions SO2 + SO3 caused far more deactivation on the catalyst [14].
Based on the different studies executed on the sulfur poisoning and regeneration there is
likely two poisoning mechanism scenarios occurring. CuxSOy species are formed in the catalyst
where there is no ammonium sulfate, these species are more stable and require much higher
temperature to remove [48-50]. Mostly less stable (NH4)xCuySOz forms on the catalyst when
there is NH3 presents in the feed, indicating that the rate of ammonia sulfate formation is higher
[47-49].
The reason why the SO3 causes more severe deactivation in the Cu-zeolite compared to that
of SO2 has been suggested to be due to different poisoning mechanism. Whereas, SO2 poisoning
has been proposed to occur by mere adsorption and SO3 poisoning through some temperature
activated chemical reaction with the surface of the catalyst [14, 51].
There is a limited amount of studies that can be found on the effects of SO 3 in SCR catalysts.
The reason as to why this could be due to the difficulties in performing experiments with SO3,
especially in the presence of H2O, where formation of H2SO4 may occur following reaction (3)
[14]. Issues such as corrosion of the bench flow reactor, clogging due to formation of sulfur
species and damage of analytical tools have made the experiments challenging to perform.
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2.13.3 Recovery of sulfated Cu-zeolites
Deactivation caused by poisoning is reversible and the active sites can be recovered through
some regeneration treatment involving decomposition of the sulfate species. Different
regeneration techniques from sulfur poisoning have been evaluated for recovery of the Cu-zeolite
activity.
Thermal desulfation of Cu-zeolites has been evaluated in several studies and has proven to
recover some or all of the SCR performance. A common executed thermal regeneration process
is using temperatures higher than 550°C and in presence of O2 [12, 14, 47, 50, 51].
The reason that the thermal regeneration has proven to be fairly efficient, is probably due to
that the formation of ammonium sulfates is the dominating factor that constrains the catalyst
SCR activity after poisoning. The ammonium sulfate species are more unstable and it has been
found that they decompose completely at higher temperatures (>400°C) [46, 47, 54, 55].
However, a regeneration study performed on small pore Cu-zeolite that had been poisoned by
30ppm SO2+SO3/H2SO4 at 400°C showed that sulfur was continued to be released by the catalyst
even at thermal up to 1000°C [7]. Through the thermal exposure experiment most sulfur removal
was observed to occur above temperature of 450°C with most being released at around 700°C,
but still at 950°C sulfur was being desorbed [7,14]. For similar recovery experiment performed
on Cu-Beta, however, a complete sulfur removal could be achieved by a temperature of 800°C
[56].
Regeneration through repeating standard SCR at temperature 100-400°C have also been
evaluated on SO2 poisoned Cu-SSZ-13. The experiment was designed to repeat the SCR test
until stable activity could be measured, which proved to be after eight preformed tests. This
study showed that activity can be recovered through SCR conditions to a certain extent but not
enough to remove all formed sulfur species, which affected the low temperature SCR activity of
the catalyst [46].
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However, when using elevated temperatures for desorption of SOx species, there is a possibility
of hydrothermal aging, since the temperature typically needs to excess 500 °C together with
water vapor. It’s therefore of interest to have a zeolite that can tolerate higher temperatures or
find a regeneration option that requires lower temperature.

Recently a successful regeneration of SCR activity of a sulfur poisoned Cu-CHA catalyst was
performed using lower temperatures through a “chemical deSOx” protocol. In this study the
recovery of poisoned Cu-zeolite was achieved by exposure to reductants such as NOx+NH3,
NH3, C3H6 and n-C12H26. The authors concluded that these exposures caused a change in the
oxidation stage of the Cu sites which in turn resulted in lower temperature sulfur removal
compared to thermal regeneration [7].

From the regeneration studies two likely scenarios have been suggested: CuxSOy species are
present on catalyst where there is no ammonium sulfate; these species require much higher
temperature for removal. Secondly (NH4)xCuySOz are created that cause SO2 desorption at lower
temperatures [47, 50, 57].

34

2.14 Characterization techniques
Several different characterization techniques were used on the samples to get a clearer
understanding of the activity and properties of the copper zeolites. Analysis were performed on
catalysts that had been exposed to sulfur in order to get further understanding of how the sulfur
species interacts with the zeolite. All the methods used for characterization of the zeolite will be
briefly explained in this section.
2.14.1 Nitrogen Physisorption
The specific surface area of samples of the zeolite powder, catalyst and a sulfur exposed
catalyst were evaluated using nitrogen adsorption according to the BET (Brunauer–Emmett–
Teller) method.
Gas physisorption characterization techniques are one of the most commonly used method
for determining properties such as the surface area, pore size and size distribution of the zeolite
catalyst. These qualities are of great importance since they determine the catalytic and separation
properties of the zeolite. The porous structure of a sample can be obtained using this method, by
measuring the amount of gas adsorbed on the material at a specific temperature and pressure.
The most commonly used adsorbates for this method are argon and nitrogen. Prior to performing
the experiment, the samples need to undergo outgassing or high vacuum and temperature
treatment in order to remove all potential physisorbed species on the sample. The analysis is then
obtained by measuring the nitrogen adsorbed and desorbed on the sample. By applying the BET
theory and assuming ideal gas, the specific surface area can be calculated. However, in the case
of microporous materials, the boundary conditions for multilayers that BET requires are not
satisfied. For these materials total micro pore volume can be calculated instead using the T-plot
method. Although, the surface area provided from the BET method can still be useful for the
microporous materials empirical comparison of results [5, 22].
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2.14.2 XRD
Examination of the zeolites structure can be performed using an X-ray diffractogram, XRD.
This technique was used in order to investigate the zeolites framework and potential crystalline
copper clusters were formed after de-greening. XRD was also used for studying possible changes
in the zeolite structure after sulfur exposure.
XRD is one of the most useful and basic tools for characterization of crystalline materials,
such as zeolites. It operated by measuring the scattering effect caused by the atoms in the
crystalline material when exposed to a monochromatic X-ray beam. Every crystalline compound
has its own unique characteristic diffraction pattern that can thus be used for identification of
materials [22]. The different crystalline compounds in a sample can therefore be determined by
calculating the distances between planes of the atoms using Bragg’s equations;
𝑛 ∗ 𝜆 = 2𝑑 ∗ sin 𝜃
in which n is the order of the diffracted beam, 𝜆 is the X-ray wavelength, 𝜃 is the Bragg
angle and d is the space between adjacent planes of atoms [5].
2.14.3 Inductively Coupled Plasma Sector Field Mass Spectrometry, ICP-SFMS
This characterization method is used for identification and quantification of elements in a
material. By first dissolving the sample and thereafter introducing the solution sample in to a hot
plasma through a stream of argon this information can be obtained. The identification of the
elements can be achieved by measuring the wavelengths that is caused by the excitation of
electrons in each element within the sample. The wavelength is produced when the electrons
returns from excited to ground state and thus releasing energy, the characterization can thereby
be achieved since each element gives a unique wavelength based on its atomic character and the
intensity of the light is directly proportional to the concentration of each element [58, 59].
ALS Scandinavian AB performed the ICP-SFMS analyzes of the element compositions of
the synthesized Cu-SSZ-13 and the commercial Cu-Beta for this thesis.
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2.14.4 Scanning electron microscopy and energy dispersive X-ray spectroscopy

SEM/EDX
Morphological and compositional characterization of the zeolite, aged and poisoned
monoliths were performed using Scanning electron microscopy together with energy dispersive
X-ray spectroscopy (SEM/EDX).
SEM/EDX is a common characterization technique for surface analytics. Using a highly
focused electron beam, detailed high-resolution images of the surface topography can be
obtained through the detection of the secondary electron signals generated by the sample. In
addition, the electron interaction with the material can also cause backscattered electrons and Xrays, due to excitation of atoms, which can be used to attain elemental and quantitative
compositional information. This characterization method is a preferred surface analysis method
since it can be executed fast, is inexpensive and no-destructive to the sample [60].
In this thesis the SEM/EDX was used on fresh and sulfur poisoned zeolite monoliths. Each
monolith was cut in to three pieces each and each section was analyzed as shown in Figure 7.
Using this method, the morphology throughout the sample could be observed.

Figure 7. Image over how the catalysts were prepared for the SEM/EDS evaluation.
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2.14.5 Diffuse reflectance infrared Fourier transformation (DRIFT) spectroscopy
DRIFT studies are used for verifying the chemical and physical structure of a material such
as polymers and catalysts. This technique can be used to study the surface and adsorption of
species on a sample, where the surface interaction and effect of adsorption of and adsorbate on
the surface can be examined. The analysis works by focusing infrared light onto the sample and
measure the reflection of the light, using an IR detector, which occurs by the rough surface of the
material[61, 62].
DRIFT was used to evaluate how the NO adsorption interacts with the catalyst on a fresh and
after it has been exposed to sulfur poisoning. Further the Sulfur adsorption/desorption
mechanism were evaluated at different temperature.
DRIFT was used in order to evaluate the NO adsorption mechanism over Cu-SSZ-13 and CuBeta. The procedure was performed over fresh and SO2 poisoned samples in ordered to get a
further understanding as to how the sulfur affect the catalyst NO adsorption mechanism. The
experimental setup used in for achieving this was based on previous study performed by Leistner
et al [63] and presented in Table 2.
Table 2. Experimental DRIFT procedure.

NO adsorption procedure
O2 (8%, 500oC, 45 min)
O2 (8%, cooling, 30oC)
Ar (background, 30oC)
NO (500 ppm, 30oC, 60 min)
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3 Method
In this part the preparation of the catalyst and experimental set up will be explained.
Furthermore, the equations used for the comparison and evaluation of the results will be
presented here.

3.1 Catalyst preparation
3.1.1 Zeolite synthesis SSZ-13
SSZ-13 catalyst was synthesized using similar procedure as described by McEwen et al.[65].
The synthesis of the SSZ-13 in this thesis was performed accordingly;
Firstly, a 200 ml solution of 1 M NaOH was prepared. This was achieved by mixing NaOH
(Sigma Aldrich, >98% anhydrous pellets, S5881-1KG) with deionized water, the solution was
stirred for approximately 15 minutes. Thereafter, 250g of sodium silicate solution (2 moles)
(Na2O,~7.9%, SiO2,~26.3%. Sigma Aldrich 338443-1L) together with 320 ml deionized water
was added during stirring of the 1 M NaOH solution, the mixture was then again left stirring for
15 minutes. Following this 25 g of Y-Zeolite (Zeolyst International CBV720) was added spoon
wise to the solution under stirring and the mixture was then agitated for 30 minutes. Lastly, an
105g of TMAAI solution (tricycle [3.3.1.13,7] decan-1-aminium,N,N,N-trimethyl-, hydroxide
from Sachem, ZeoGen SDA 2825 ) was added, the mixture was stirred for another 30 minutes.
Once the mixture was prepared it was transferred into autoclaves, heated to 140 °C, the
mixture was left under this condition for six days. After the six days the autoclaves were allowed
to cool down to room temperature. The solid/liquid mixture from the autoclaves were separated
and washed with deionized water using centrifugation at 4500rpm (30 minutes) six times. The
separated mixture was allowed to dry at room temperature for approximately 15 hours. The
obtained powder was thereafter calcined for 8 hours at 550°C, with a set ramping of 0.5 °C/min
(total time of 17h, 40 min for the temperature ramping). The measured amount Na-SSZ-13
zeolite yielded from this procedure 23.54 g.
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3.1.2 Ion – exchange of zeolite
The ion exchange method used is based on previous studies performed at Chalmers
University of Technology [46, 49]. The ion exchange was performed in to stages in the following
order;
3.1.2.1 Ammonium nitrate exchange
The calcined powder was thoroughly ground in preparation for the ammonium nitrate ionexchange. The first ion exchange was performed by preparing a 2 M NH4NO3 solution, the
mixture was stirred until homogenous in room temperature. The required amount of solution has
been determined to be 33.33mL/g zeolite. Once the appropriated amount of NH4NO3 solution
was measured the Na-SSZ-13 zeolite powder was added, this was done under stirring while the
flask was inserted to an oil bath. Once the zeolite was added the oil bath was heated to 80°C. The
solution was stirred under 80°C heating for 15 hours and thereafter cooled down in room
temperature. Once cooled the solution was transferred to the centrifuge in order to separate the
powder from the liquid, the centrifuge washing was repeated at 4500 rpm six times for 30
minutes (solution tested neutral pH). The washed zeolite was then left out to dry in room
temperature for 12 hours, and thereafter grounded. The ammonium nitrate ion exchange process
was then repeated yet again following the same procedure as the first ion exchange in order to
obtain the NH4-SSZ-13.
3.1.2.2 Copper ion exchange
Both zeolites, synthesized SSZ-13 and commercial Beta, were ion exchanged using the same
method. For the copper ion exchange of the zeolites a solution of 0.2 M Cu(NO3)2 was prepared
with a volume (ml) ratio of solution to zeolite weight (g) of 100:3. This solution was then placed
in a round-bottomed flask that was inserted to an oil bath heated to 80°C. Once the solution was
heated to 80°C, took approximately one hour, the NH4-SSZ-13 was added to the solution spoon
wise. This mixture was then kept at 80°C under stirring for 2 hours. Thereafter the solution was
again allowed to cool in room temperature. The zeolite was thereafter separated and cleaned
through the centrifugation process, where the zeolite was washed with deionized water at 4500
rpm six times. The resulting final Cu-zeolite was then left to dry for 15 hours. Finally, the zeolite
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was calcined at 550°C for four hours with a ramp of 5°C /minute. This calcination was
performed in order to remove any residual ammonia from the sample.
3.1.3 Monolith preparation
The monoliths used for this thesis were cut from a commercial honeycomb cordierite (400
cpsi), with a structure of 89 channels and dimension of 20 mm in length 1.5 mm in diameter. The
cut monoliths were first calcined at 600°C for 2 hours with 10°C /min ramp. Thereafter the
monoliths were coated with the zeolite by immersing each monolith repeatedly in a solution
containing 95wt% liquid (ratio 1:1 liquid mixture of ethanol and water) and 5wt% of solidphased (zeolite/boehmite (Disperal P2, Sasol, Gmbh) with an ratio of 95:1). After each time the
monolith had been dipped in to the solution it was put under a heat gun while avoiding pore
clogging by slow motion of the monolith. The coating procedure was repeated until
approximately 0,3 g of the catalyst was measured to have been coated on the monolith. The wash
coated monolith was thereafter calcined in air at 500°C for 2 hours. These prepared monoliths
were then later used for the flow reactor experiments, where experiments on the fresh catalyst
were performed first and then later the sulfur poisonings under SCR conditions.
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3.2 Experimental setup
3.2.1 Flow reactor experiments
The setup of the Synthetic Gas Bench (SGB) flow reactor consists of several Mass Flow
Controllers (MFCs) that control the required gas dosing, a Controlled Evaporation and Mixing
(CEM) system for the necessary water flow and a horizontal quartz tube reactor in which the
prepared monolith is inserted to. Two thermocouples were used, one for measuring the
temperature inside the reactor placed approximately 10 mm in front of catalyst and one inserted
in to the central channel of the monolith, in order to determined catalyst temperature. The tube
was surrounded by a heating coil that was heated by a programmable heating system and the
reactor was further insulated by wrapping insulation over it. The outlet gas from the reactor were
analyzed using an FTIR spectrometer (MKS Multigas 2030) and with this instrument the
concentrations of NH3, NO, NO2, N2O as well as H2O were measured. During the experiment Ar
was used as an inert balance. The monolith was inserted to the reactor tube and wrapped with
quartz wool to ensure minimal gas slip around the sample while the experiments were running.
A schematic presentation of the SGB is presented in Figure 8.

Monolith sample

Synthetic gas
mixture

FTIR
Thermocouples

Heating coil
Insulation (quartz wool)

Figure 8. A schematic illustration of the flow reactor system
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3.2.2 Sulfur trioxide generator.
The sulfur trioxide gas that was used for the SO2/SO3 experiments was produced by a
generator that used oxidation of SO2 over a platinum catalyst (Pt/γ-Al2O3). This additional
generator for these experiments had to be constructed and connected to the flow reactor where
the Cu-zeolite was inserted. The generator consisted of a small heated reactor with the Pt-catalyst
and was connected to three MFCs. These three MFCs controlled the flow of the following gases
needed for the sulfur oxidation reaction; Ar that was used as an inert gas, O2 and SO2. The gas
concentrations were kept unchanged during the reaction; 30 ppm SO2, 8% O2 and Ar. Inside of
the tube the Pt-catalyst was placed, and the gas flow kept controlled so that desired SO2
oxidation occurred inside of the generator, the oxidation reaction is presented in equation (2). A
schematic setup of the generator is presented in the Figure 9.

H2O
O2
Ar
NO

SO3 generator
Heating (>200°C)

SO2
O2
Ar

Stop
valve

Reactor

Heating (>200°C)
>200°C

Figure 9. A schematic diagram of the flow reactor system together with the SO3 generator system
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Outlet

The ratio of the SO2 oxidation can be controlled by the temperature of which the reaction
occurs. Depending on the desired SO2/SO3 ratio the thermodynamic equilibrium graph presented
in Figure 10. can be used to determine what temperature is needed in the generator.

Figure 10. Thermodynamic equilibrium over SO2 oxidation.

The established generator temperature for this reaction was set at 550 °C, which will generate
a SO2/SO3 ratio of 20/80, assuming that the Pt catalyst is active enough to reach thermodynamic
equilibrium.
The SO3 gas together with SO2, excess of O2 and Ar was then led through a heated stainlesssteel pipe at 200 °C, to the main gas inlet for the flow reactor. The built generator oxidation
capability was evaluated by temporary passing gas through the FTIR, in order to minimizing the
contamination of the instrument, to verify the composition of SOx gases,
During the initial trials with SOx poisoning using the generator, the sulfur gas was mixed
together with SCR gasses, thereby also NH3 gas. Using this gas mixture together proved to be
problematic as a prolong run (< 6 hours) caused clogging of the system to occur, due to
formation of ammonium sulfates. For this reason, it was decided that NH3 would not be run
together with SO3. The catalyst was therefore firstly exposed to NH3 before the SOx poisoning
for the Cu-SSZ-13 experiments.
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3.3 Experimental analysis
3.3.1 De-greening
Prior to any measurements performed on the zeolites they were subjected to de-greening. The
catalyst was de-greened with SCR conditions, 400 ppm NH3, 400 ppm NO, 8% O2 and 5% H2O
at 600 ᵒC for 3 hours. Each catalyst is treated in these conditions to obtain stable catalytic
behavior throughout the experiments.
3.3.2 Activity measurements in the flow reactor system
Prior to the different experimental sequences, the catalysts were also pretreated with gas flow
of 8% O2 and 5% H2O at 500 ᵒC for 20 minutes in order to clean the catalytic surface for each
activity measurement. As mentioned before Ar was used as an inert balance throughout the
experiments.
The following experimental procedures were performed in the flow reactor in order to
measure the activity of the catalyst before poisoning.
3.3.3 NH3 – TPD
The ammonia storage is an essential part of the SCR performance over Cu-zeolites. It is
therefore of high importance to study the adsorption-desorption behavior of the catalyst.
Ammonia temperature programed desorption (TPD) is executed by exposing the catalyst to NH3
over an extended time at an elevated temperature. During this prolonged exposure the catalyst
eventually becomes saturated with NH3, thus no more NH3 uptake in the catalyst can be observed
through the FTIR. Once the catalyst has been thorough saturated a flow of Ar with 5% H2O is
followed in order to remove the loosely bound NH3 molecules on the surface of the catalyst.
Following this, ramping of temperature will cause desorption peaks to occur which is associated
to where and how strongly the ammonia has been stored on the catalyst surface (either copper
sites or Brönsted and Lewis sites). For Cu-SSZ-13, previous studies have observed two different
desorption peaks, which was linked to the storage sites located in both the 6MRs and the 8MRs
[63].
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In this thesis the NH3-TPD was used in order to evaluate change of storage capacity in the
Cu-zeolites caused by poisoning.
3.3.4 Oxidation reactions
The fresh catalysts activity of both NO and NH3 oxidation were investigated at different
temperature range up to 500°C. The oxidation reactions were investigated by exposing the
catalyst to 400 ppm NO or NH3 with 8% O2 and 5% H2O. The oxidation reactions of NO and
NH3 are presented in (1) and (9) respectively. Previous studies have observed low NO oxidation
activity for Cu-CHA zeolite catalysts [5, 28, 66, 67]. The CHA activities towards NH3 oxidation
are low [5]. Akter et al.[68] observed that H-CHA had better NO and NH3 oxidation compared to
that of H-Beta, and suggested that the small pores helped stabilize the activated transition
complexes.
3.3.5 NOx reduction activity tests
The zeolites activity of the samples was tested for different SCR reactions. Through
evaluation of the NOx reduction activity using different NO2/NOx and NOx/NH3 compositions.
Activity measurements were carried out in a broad temperature range, in order to assess the NOx
conversion activity at different temperatures.
As mentioned before when the inlet gas contains equimolar NO+NO2 the SCR reaction has a
higher reaction rate compared to the reaction of standards SCR. By having an NO2/NOx ratio of
0.5 the low temperature performance has been shown to increase, however, if the ratio exceeds
that reactions will partly proceed to slow NO2 SCR reactions, which have a slower reaction rate.
A lower concentration of NOx in the feed compared to NH3 was used in an earlier study [69]
and it was suggested that this gave an increased ammonia coverage which resulted in an
increased reaction rate for SCR. In this thesis, two different NOx/NH3 ratios were compared over
Cu-SSZ-13; one stochiometric case and one with increased NH3 concentration to NOx.
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The NOx activity during SCR reactions was evaluated before and after the different sulfur
poisoning. From this activity tests the effect of poisoning and the evaluation of recovery
efficiency could be determined.
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4 Experiment method
All flow reactor experiments were performed in SGB1 at Chalmers. Two different zeolites
catalysts were used in the experiment. The synthesized Cu-SSZ-13 and the commercial ion
exchanged Cu-Beta zeolite, these had all been wash coated on small monoliths.

4.1 Fresh catalyst
Initial evaluation of the fresh catalysts, meaning wash coated catalyst that has been
degreened, was performed in the reactor. For the fresh catalysts the experimental sequence
presented in Table 3 was used.
Table 3. Experimental condition used in the fresh Cu-zeolite activity measurements

Flow reactor
experiments

Feed (ppm)
NH3 NO

NO2 O2

De-greening

400

400

-

Standard SCR

400

400

-

NH3 oxidation

400

-

-

NH3 TPD

400

-

-

Fast SCR

NO oxidation

-

200

400

Time (h)

600

3

500-400-350-300250-200-175-150125-100

0.5-0.5-0.5-0.50.67-0.67-0.5-0.50.5-0.5

500-400-350-300250-200

0.5-0.5-0.5-0.50.5-0.5

200
8%

400

H2O

Temperature
(oC)

5%

1.5
o

(ramp 10 C/min)
600

0.33

500-400-350-300250-200-175

0.5-0.67-0.750.75-1-1-1

500-400-350-300250-200

0.33-0.33-0.330.33-0.33-0.33

200

-

These experiments performed on the fresh catalyst were used to determine the catalyst
activity, compare to how the different zeolites get affected by sulfur poisoning and how effective
different regeneration conditions to sulfur exposed catalysts.
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Additionally, a fresh Cu-SSZ-13 was also evaluated using condition of NOx/NH3 ratio 0.85
during the SCR reactions (Standard SCR; 340 ppm NO + 400ppm NH3 and Fast SCR; 200 ppm
NO +140 ppm NO2 + 400ppm NH3). These experiments were performed in order to compare the
effect of using excess ammonia and evaluate if using these conditions have a preferably effect on
the regeneration process of SO2 poisoned catalysts.

4.2 Sulfur poisoning experiment
Before the sulfur poisoning of the catalysts they were initially flushed with a feed containing
Ar and 5% H2O for approximately 30 min, this should remove any potential loosely adsorbed
species form the catalyst surface. Each poisoning experiment was performed at a temperature of
250°C for 6h. Once the catalysts had been poisoned for 6 hours they were exposed to Ar, 8% O 2
and 2% H2O before the activity/ regeneration experiments were initiated.
4.2.1 SO2 Poisoning in SCR conditions
Evaluation of SO2 poisoning exposition of 30 ppm SO2 under standard SCR conditions
(Feed: 400 ppm NH3, 400 ppm NO, 8% O2 and 5% H2O) were performed for 6 hours. The
catalyst poisoned by this condition was then tested using different NO/NH3 ratios for the activity
measurements.
4.2.2 SO2 Poisoning, without NH3
In this poisoning experiment the Cu-SSZ-13 catalyst was exposed to 800 ppm of NH3
together with 8% O2 and 5% H2O for 30 minutes at 250°C before the catalyst were poisoned.
The poisoning of the catalyst was thereafter performed using a gas feed of 30 ppm SO2 together
with 400 ppm NO, 8% O2 and 5% H2O for 6 hours.
4.2.3 SO3 Poisoning
The SO3 poisoning was performed on a Cu-SSZ-13 catalyst by first exposing the catalysts to
800 ppm of NH3 together with 8% O2 and 5% H2O for 30 minutes at 250°C. Thereafter the
catalyst was exposed to 30 ppm SOx (measured to be approximately containing 24 ppm SO3 and
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6 ppm SO2), produced by the sulfur oxidation in the generator, together with a gas feed of: 400
ppm NO, 8% O2 and 5% H2O for 6 hours.

4.3 Regeneration experiments
Evaluation of the SCR activity and different regeneration conditions were achieved through
two different experimental sequences that are presented in this section.
Each poisoned catalyst was evaluated through a sequence of SCR activity tests. The same
experimental sequence was used for all catalysts and the experimental setup is shown in Table 4.
Table 4. Experimental SCR conditions (NO/NH3 =1) used for sulfur poisoned activity measurements on the Cu-zeolites

Flow reactor
experiments
Fast SCR

Feed (ppm)
O2

Temperature
H2O
(oC)

NO

NO2

400

200

200

300-250-200175

1-0.75-0.750.75

400

400

-

100-125-150175-200-250300

1-0.5-0.50.5-0.5-0.50.5

400

200

200

300-250-200175

1-0.75-0.750.75

400

400

-

100-125-150175-200-250300-350-400

1-0.5-0.50.5-0.5-0.50.5-0.5-0.5

400

200

200

300-250-200175

1-0.75-0.750.75

400

400

-

400

200

200

100-125-150175-200-250300-350-400450-500
300-250-200175

1-0.5-0.50.5-0.5-0.50.5-0.5-0.50.5-0.5
1-0.75-0.750.75

(Poisoned)

Standard SCR
(Regeneration 1)

Fast SCR
(Regeneration 1)

Standard SCR
(Regeneration 2)

Fast SCR

8%

(Regeneration 2)

Standard SCR
(Regeneration 3)

Fast SCR

Time (h)

NH3

(Regeneration 3)

50

5%

The effect of using excess ammonia during the regeneration was evaluated on the Cu-SSZ-13
catalyst, using the same sequence but with the NO/NH3 ratio feed of 0.85 instead of 1 during the
SCR experiments, the experimental condition for these activity measurements is shown in Table
5.
Table 5. Experimental SCR conditions (NO/NH3= 0.85) used for sulfur poisoned activity measurements on the Cu-SSZ-13

Flow reactor
experiments
Fast SCR

Feed (ppm)
H2O

NO2 O2

400

200

140

300-250-200175

1-0.75-0.750.75

400

340

-

100-125-150175-200-250300

1-0.5-0.50.5-0.5-0.50.5

400

200

140

300-250-200175

1-0.75-0.750.75

400

340

-

100-125-150175-200-250300-350-400

1-0.5-0.50.5-0.5-0.50.5-0.5-0.5

400

200

140

300-250-200175

1-0.75-0.750.75

400

340

-

400

200

140

100-125-150175-200-250300-350-400450-500
300-250-200175

1-0.5-0.50.5-0.5-0.50.5-0.5-0.50.5-0.5
1-0.75-0.750.75

(Regeneration 1)

Fast SCR
(Regeneration 1)

Standard SCR
(Regeneration 2)

Fast SCR

8%

(Regeneration 2)

Standard SCR
(Regeneration 3)

Fast SCR

Time (h)

NH3 NO

(Poisoned)

Standard SCR

Temperature
(oC)

(Regeneration 3)

5%

The different poisoned catalysts were used in NH3-TPD experiments after the experimental
sequence of regeneration was performed. They were exposed to 400 ppm with 8% O2 and 5%
H2O for 1.5 h at 200°C and thereafter ramped to 600°C using 10°C/min. This was performed in
order to evaluate the effect of NH3 storage capacity caused by sulfur. It should be noted that the
ammonia TPD was conducted after the sulfur regeneration, thus some of the sulfur was removed
prior to this experiment.
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4.3.1 Calculations
The NOx conversion capability of the SCR catalyst was evaluated for each experiment using
the following equation
𝑁𝑂𝑥 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =

(𝑁𝑂 + 𝑁𝑂2 )𝑖𝑛𝑙𝑒𝑡 − (𝑁𝑂 + 𝑁𝑂2 )𝑜𝑢𝑡𝑙𝑒𝑡
∗ 100
(𝑁𝑂 + 𝑁𝑂2 )𝑖𝑛𝑙𝑒𝑡

Eq. (1)

For the comparison of regeneration affects over Cu-SSZ-13 and Cu-Beta the following
equation was used.

𝑁𝑂𝑥𝑂𝑢𝑡−𝑝𝑜𝑖𝑠𝑜𝑛𝑒𝑑 −𝑁𝑂𝑥𝑂𝑢𝑡−𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
𝑁𝑂𝑥𝑂𝑢𝑡−𝑝𝑜𝑖𝑠𝑜𝑛𝑒𝑑
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∗ 100

Eq. (2)

5 Kinetic modeling
Kinetic simulations are used to describe rate of the occurring reactions and make it possible to
design a system using multiple reactions which can give new fundamental insight to the studied
system.
In this thesis a kinetic model was created in order to simulate the activity measurements and
NH3-TPDexperiments.

5.1 AVL BOOST™
AVL BOOST™ is internal combustion engine simulation software. With the use of this
software advanced models regarding accurate predictions of engine performance, tailpipe
emissions and acoustics can be produced. The After-treatment Module that BOOST possesses
enables simulation of chemical and physical processes occurring in different aftertreatment
systems. These models account to various information for simulations such as the fluid flows
within the system, heterogeneous chemical reactions, and also the adsorption and desorption of
species on catalytic surfaces. [64]
With the results of the after-treatment models a broad range of applications can be evaluated,
developed and optimized. The software contains a variety of input information regarding
reactions and species that the user can add. The user can also create their own chemical reactions
models specifying gas species, kinetic rate equations and storage of species on the catalytic
surface.
AVL BOOST, version 2013 has been used in this thesis for conducting kinetic simulations of
the Cu-SSZ-13 SCR system.
The kinetic studies were performed in the following order; ammonia adsorption/desorption
kinetic parameters, followed by ammonia oxidation and thereafter the final NH3 SCR kinetic
model.
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5.2 Reactor model
As previously mentioned, the kinetic modeling was performed using AVL BOOST, version
2013, using one channel model.

5.2.1

Nomenclature

𝑟𝑖

Reaction rate for reaction (

𝑘𝑚𝑜𝑙
)
𝑠 𝑚2

𝑘𝑖

Rate constant for reaction i (𝑠 −1 )

𝐸𝐴,𝑖

Activation energy for reaction i (

0
𝐸𝐴,𝑖

𝐽
)
𝑚𝑜𝑙

Activation energy for reaction i at zeor coverage (

𝐴𝑖

Pre − exponential factor for reaction i

𝑦𝑘

Mole fraction at the reaction layer of species k

𝑦𝑘𝑏

Mole fraction in the gas bulk of species

𝑇𝑠

Temperature at catalyst surface (K)

5.2.2 Greek symbols
𝛼𝑖

Specis coveraged dependace in reaction i

𝜃𝑘

Coverage of species k

𝜓𝑗

𝑚𝑜𝑙
𝑆urface site density of storage site j ( 2 )
𝑚
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𝐽
)
𝑚𝑜𝑙

5.3 Kinetic model
The rate of the reaction is usually in proportion to the concentration of the reactants and will
increase with increased concentration. The reaction rate for heterogeneous catalysis varies with
concentrations and temperature. To simulate the temperature dependence a rate constant, k, was
used, according to the Arrhenius equation
𝑘𝑖 = 𝐴𝑖

−𝐸𝐴,𝑖
𝑒 (𝑅𝑇𝑠 )

Cu-zeolite store ammonia and it is therefore crucial to have a good description of the
adsorption/desorption in the kinetic model to get an accurate understanding of the transient SCR
activity.
Ammonia adsorbs on the copper sites and on Brönsted acid sites. In order to simplify this
model however, these sites were simulated together as one site. This simplification has been
successfully performed by previous studies [69-72]. A double site approach was used in this
study where the storage occurred over two different active sites where the first site, S1 was
model for the low temperature desorption on the zeolite. The second site, S2, was denoted in the
model for the description of ammonia desorption at higher temperature. [73, 74]
The different sites have been proposed to link to the copper loading within the Cu-SSZ-13
zeolite. It has been proposed that copper initially gets ion-exchanged in to sites located in the
6MR and when higher copper loading is used the copper also gets located in the larger 8MR [31,
63].
The adsorption and desorption of NH3 on the active sites and the reaction rate for the forward
reaction (adsorption) and backward reaction (desorption) are described in Table 6.
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Table 6. Reactions and rate expressions for fresh NH3 TPD model.

Reaction

Reaction rate
= 𝑘1𝑓 𝑦𝑁𝐻3 𝜃𝑆1−𝑣𝑎𝑐𝑎𝑛𝑡
= 𝑘1𝑏 𝜃𝑁𝐻3 −𝑆1

r

𝑟1𝑎
𝑟1𝑑

r2

𝑟2𝑎 = 𝑘2𝑓 𝑦𝑁𝐻3 𝜃𝑆2−𝑣𝑎𝑐𝑎𝑛𝑡
𝑟2𝑑 = 𝑘2𝑏 𝜃𝑁𝐻3 −𝑆2

1
𝑁𝐻3 + 𝑆1
𝑆1 − 𝑁𝐻3

𝑁𝐻3 + 𝑆2 𝑆2 − 𝑁𝐻3

Reaction number
R1

R2

Previous s studies [69,75] have determined that heat of adsorption over a Cu-zeolite is s linear
function of the ammonia coverage, in line with Temkin isotherm. Assuming that ammonia
adsorption is non-activated, which have been done in other studies [70, 73, 75], the activation
energy for ammonia desorption can be described in the following way.
0
𝐸𝐴,𝑖 = 𝐸𝐴,𝑖
(1 − 𝛼𝑖 ∗ 𝜃𝑆1−𝑁𝐻3 )

The 𝜃𝑆1−𝑁𝐻3 represent the surface coverage of ammonia and 𝛼𝑖 is the coverage dependence in
this reaction.
NO oxidation activity of the Cu-SSZ-13 catalyst have been documented to be low [76] and in
the experimental result shown in Figure 20 this was also the case. It has also been suggested that
ammonia actually inhibits the NO oxidation resulting in even lower amount of NO oxidation in
SCR conditions over Cu-zeolite [70, 77]. Due to this, NO oxidation was chosen not to be added
to the model, this reaction was also excluded in the kinetic NH3-SCR model created by Olsson et
al. [70].
Ammonia oxidation reaction, described in reaction (9), often occur over the Cu-zeolite at
high temperature and compete with the SCR reaction[18]. It is important to consider the NH3
oxidation, since the loss of NH3 though oxidation will affect the amount of NH3 available for the
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SCR reactions to convert the NOx. NH3 oxidation at lower temperatures over the Cu-SSZ-13
have been documented to be low but still high enough to be detected [76]. It have therefore been
suggested that there are two different sites where NH3 oxidation occurring over Cu-SSZ-13 for
high and low temperatures [35, 70]. During the NH3 oxidation experiment no significant
formation of N2O and NO could be detected and therefor the reaction described in the kinetic
model was only focused on the oxidation to N2. The reaction over the sites and the rates
description of these are shown in Table 7.
Table 7. Reactions and rate expressions for NH3 oxidation model.

Reaction

Reaction rate

Reaction number

2𝑆1 − 𝑁𝐻3 + 1.5𝑂2 3 𝑁2 + 3𝐻2 𝑂 + 2𝑆1

r

0.6
𝑟3 = 𝑘3 𝑦𝑁𝐻
𝜃
3 𝑆1−𝑁𝐻3

R3

r

0.6
𝑟4 = 𝑘4 𝑦𝑁𝐻
𝜃
3 𝑆2−𝑁𝐻3

R4

2𝑆2 − 𝑁𝐻3 + 1.5𝑂2 4 𝑁2 + 3𝐻2 𝑂 + 2𝑆2

Following this the NH3-SCR could be investigated. In this work the standard SCR reactions
(6) is investigated in order to avoid the complexity of nitrate formation over the surface that may
occur in the presence of NO2 due to time limitations. The standard SCR reaction over the Cuzeolite and the reaction rates are described through adsorption of NH3 and gas phase NO and are
presented in Table 8.
Table 8. Reactions and rate expressions for fresh NH3 SCR model.

Reaction

Reaction rate

Reaction number

r5

𝑟5 = 𝑘5 𝑦𝑁𝑂 𝑦𝑂0.5
𝜃
2 𝑆1−𝑁𝐻3

R5

r6

𝑟6 = 𝑘6 𝑦𝑁𝑂 𝑦𝑂0.5
𝜃
2 𝑆2−𝑁𝐻3

R6

4𝑆1 − 𝑁𝐻3 + 4𝑁𝑂 + 𝑂2  4𝑁2 + 6𝐻2 𝑂 + 4𝑆1
4𝑆2 − 𝑁𝐻3 + 4𝑁𝑂 + 𝑂2  4𝑁2 + 6𝐻2 𝑂 + 4𝑆2
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The kinetic parameters for these reactions that were used for the modeling was obtain
through the help of literature and then these parameters were refined to fit the experimental data
obtained over the Cu-SSZ-13 through a trail-and-error process.

6 Result and discussion
6.1 Catalyst characterization
6.1.1 XRD, ICP and BET surface area
The results from the elemental analysis from the ICP-SFMS on the prepared Cu-SSZ-13
powder revealed that the catalyst had a copper content of 1.7 wt% and a Si/Al ratio of 17. For the
commercial Cu-Beta the ICP-SFMS showed that the Si/Al ratio was of 19 and the copper loading
achieved form the ion exchange was 1.9 wt%.
The N2-physisorption analysis resulted in a BET surface area of the Cu-zeolites. The analysis
was performed on the Cu-zeolite powder and on the crushed monoliths of fresh and sulfur
poisoned (SO2+SCR gas) catalysts, these results are presented in Table 9. The decreases in
surface area in the crushed catalyst samples are due to the cordierite monolith that is mixed in
with these samples.
Table 9. BET surface area of the samples.

BET
surface area (m2/g)

Fresh calcined
powder

Degreened monolith

Poisoned monolith

Cu-Beta

621

128

124

Cu-SSZ-13

692

167

163

However, the BET results can be used as a comparison between the samples, where it can be
observed that the surface area is similar before and after being exposed to SO2.
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XRD analysis was used to identify the structure of the synthesized Cu-SSZ-13 powder, and
the crushed samples of fresh and sulfur poisoned Cu-SSZ-13 catalysts. The diffraction data is
illustrated in Figure 12. The similar patterns from these samples show that the crystalline
structure of the sample is not affected by the wash coating process, high temperature of
degreening or sulfur exposure.

Cu-SSZ-13 SO2 poisoned
Cu-SSZ-13 Degreened

Cu-SSZ-13 fresh

powder
Cordierite

Figure 11. XRD data for a monolith, fresh, degreened and SO2 , poisoned samples of Cu-SSZ-13

The same XRD analysis were performed on the Cu-Beta catalyst, where the results in Figure 12,
also shows that the Cu-Beta catalyst remains structurally intact throughout the wash coating,
degreening and sulfur poisoning procedure.

Cu-Beta SO2 poisoned
Cu-Beta Degreened

Cu-Beta fresh powder

Cordierite

Figure 12. XRD data for a monolith, fresh, degreened and SO2 poisoned samples of Cu-Beta

59

6.1.2 SEM/ EDX
The SEM/EDX images of the different sections of the monoliths, named inlet, middle and
outlet are presented below. First the fresh samples were evaluated in order to observe the
dispersion of the copper and wash coat achieved in the monoliths.
First the monoliths of Cu-SSZ-13 and Cu-Beta that had been exposed to degreening were
assessed using SEM/EDX, where the three different sections of the catalyst were examined.
These images are presented in Figure 13Figure 15 where a) is the Cu-SSZ-13 sample and b) is
the Cu-Beta sample.
Degreened catalyst inlet

Al

Cu

Al

Cu

a)

b)

Figure 13. SEM/EDX images taken over the inlet part of the catalyst showing the Al (yellow) and Cu (purple) species.
a) Cu-SSZ-13 and b) Cu-Beta.
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Degreened catalyst middle
a)

Al

Cu

Al

Cu

b)

Figure 14. SEM/EDX images taken over the middle part of the catalyst showing the Al (yellow) and Cu (purple) species.
a) Cu-SSZ-13 and b) Cu-Beta.

Degreened catalyst outlet

a)

Al

Cu

Cu

Al

b)

Figure 15. SEM/EDX images taken over the outlet part of the catalyst showing the Al (yellow) and Cu (purple) species.
a) Cu-SSZ-13 and b) Cu-Beta.
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Form these images obtained over the Cu-zeolite samples, one can observe that the copper is
well dispersed throughout the sample. The Al detection from the EDS were quite poor for both
Cu-zeolites as can be seen in the figures, it is likely that the EDS detection were not allowed
enough time for Al to be fully observed.
Further SEM/EDX images over the SO2-SCR samples were performed in the same way to
get an understanding of how the sulfur was dispersed throughout the catalysts. The Cu-zeolite
monoliths were prepared the same way as the degreened samples and are presented in Figure
16Figure 18 a) is the Cu-SSZ-13 images and b) the Cu-Beta.
SO2 poisoned catalyst inlet

Cu

S

Cu

S

a)

b)

Figure 16. SEM/EDX images taken over the inlet part of the catalyst showing the Cu (purple) and S (red) species.
a) Cu-SSZ-13 and b) Cu-Beta.
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SO2 poisoned catalyst middle

Cu

S

a)

Cu

a)

a)

S

b)

Figure 17. SEM/EDX images taken over the middle part of the catalyst showing the Cu (purple) and S (red)
species. a) Cu-SSZ-13 and b) Cu-Beta.

SO2 poisoned catalyst outlet

Cu

S

a)

Cu

a)

S

a)

b)

Figure 18. SEM/EDX images taken over the outlet part of the catalyst showing the Cu (purple) and S (red) species.
a) Cu-SSZ-13 and b) Cu-Beta.
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From the images of the poisoned samples one can clearly observe that the sulfur is dispersed
throughout the whole washcoated monolith in both Cu-zeolites after being exposed to SO2 in
SCR conditions at 250°C for six hours.
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6.2 Flow reactor experiments
6.2.1 Activity of Cu-zeolite catalysts
In this section comparison of the different sized Cu-zeolites, Cu-SSZ-13 and Cu-Beta will be
presented. The comparison performed on the Cu-zeolites focusses on the fresh activity of the
samples and which effect of SO2 poisoned in SCR condition and regeneration capacity after
poisoning. Further sulfur experiments were thereafter performed and compared over the Cu-SSZ13 catalyst.
The initial activity test performed and compared on both the Cu-zeolites were their oxidation,
NH3 storage and SCR reaction capabilities, all of which are presented in the following sections.
6.2.1.1 NH3 Oxidation
The NH3 oxidation reaction on the fresh Cu-SSZ-13 and Cu-Beta is presented in Figure 19.
Previous research [76] have shown a low NH3 oxidation activity over the Cu-SSZ-13 at low
temperatures (<300°C), this is also in line with the results shown in Figure 19. Interestingly, the
Cu-Beta catalyst displays an even lower NH3 oxidation activity at all temperatures compared to
that of the Cu-SSZ-13.

Figure 19. NH3 oxidation over Cu-Beta and Cu-SSZ-13
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6.2.1.2 NO Oxidation
The data obtained from the NO oxidation over the fresh Cu-SSZ-13 is in line with previous
studies [28, 66, 76], where it has been observed that the Cu-SSZ-13 has a low NO oxidation
activity, which can also be seen in Figure 20. The oxidation activity increases with higher
temperature but the highest measured conversion at 500°C was 11%.
Further, the NO oxidation activity of Cu-Beta was also low and exhibited the same maximum
conversion at 500°C as the Cu-SSZ-13 catalyst. The Cu-Beta displayed a slightly higher NO
oxidation activity throughout the experiment compared to the Cu-SSZ-13, which is in line with
previous studies that have suggested that Cu/CHA have lower NO oxidation to NO2 than other
zeolites [67]. The NO oxidation has also been linked to the copper exchange levels, were a
higher NO oxidation was observed with higher copper loading [34]. This could also be a reason
for the low NO oxidation observed during the experiment, since both Cu-zeolite had low copper
loading.

Figure 20. NO oxidation over Cu-Beta and Cu-SSZ-13
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6.2.1.3 NH3-TPD
The performed NH3-TPD experiments on the zeolites are presented in Figure 21. The data
shows that the Cu-zeolites adsorbs the NH3 with similar rates, which is displayed as the time it
takes for the catalyst to be saturated and not adsorb any more NH3 and thereby 400 ppm of NH3
is detected. The desorption peaks produced during the temperature ramping is further illustrated
in Figure 21b). It is clear that the storage mechanisms in the Cu-zeolites are different. In the CuSSZ-13, two distinct peaks at 300°C and 400°C can be observed, indicating two storage
locations, suggested being adsorption on different copper species located in the 6MR and 8MR
[31, 63] . For Cu-Beta a single peak is produced at around 300°C, which is slightly larger
compared to the first peak for Cu-SSZ-13.

a
b

Figure 21. a) NH3-TPD experience over CU-Beta and Cu-SSZ-13, NH3 exposure for 1.5 h at 200°C. b) Desorption peaks for Cu-Beta and
Cu-SSZ-13 over temperature ramping 10°C/min up to 600°C
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6.3 SCR reactions
6.3.1 Cu-Beta vs. SSZ-13
6.3.1.1 Standard SCR
The standard SCR reaction were studied for the fresh catalyst of both Cu-SSZ-13 and CuBeta by exposing the catalyst to 400ppm NH3, 400 ppm NO, 8% O2 and 5% H2O in Ar by and
through stepwise increasing the temperature. The resulting of NOx and NH3 conversion and the
formation of N2O are shown in Figure 22.

a)

b)

c)

Figure 22. Standard SCR over Cu-Beta and Cu-SSZ-13. a) NOx conversion measures. b) NH3 conversion. c) measured N2O
formation.

At low temperatures, the Cu-Beta sample exhibits slightly higher NOx conversion and this is
not in line with previous studies [28, 76, 78] that observed higher activity in small pore zeolites
than Cu-Beta. A possible reason for the obtained result in this study could be due to the
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somewhat higher copper loading in Cu-Beta. The highest NOx conversion could be achieved for
both Cu-zeolites at the temperature interval of 250-350°C. At high temperatures the NOx
conversion decreases, which is likely due to ammonia oxidation that competes with the SCR
reaction.
The N2O formation by these catalysts presented in Figure 22c) exhibits similar pattern but
with a significant difference in concentration. At low temperatures the higher formation is likely
due to the formation and decomposition of ammonium nitrate precursor species. At high
temperatures, the concentration of N2O starts to increase, which has been observed in previous
studies. Leistner et al [76] proposed that depending on high and low temperatures the formation
of N2O may occur on different copper sites or using different mechanism. The copper loading
has also be concluded to be a factor to the selectivity of N2O [79], where a higher copper loading
forms more N2O, which is in line with the obtained results. The parameters that play a role for
the undesired formation of N2O is thereby caused by not only the choice of zeolite but also the
ion-exchange level [76].
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6.3.1.2 Fast SCR
The activity of the fresh Cu-zeolites was also examined using Fast SCR conditions where the
catalyst was exposed to 400 NH3, 200 ppm NO, 200 ppm NO2, 8% O2 and 5% H2O in Ar by
increasing the temperature stepwise. The results of the NOx and NH3 conversion are shown in
Figure 23a) and b), note the scale used for the conversion. The formation of N2O is presented in
Figure 23c), where the significantly higher N2O formation of Cu-Beta compared to Cu-SSZ-13
can be observed, which have been reported previously in literature [28, 78, 80].

b)

a)

c)

Figure 23. Fast SCR over Cu-Beta and Cu-SSZ-13. a) NOx conversion measures. b) NH3 conversion. c) measured N2O formation

It has been proposed in previous studies that when the feed contains both NO2 and ammonia,
the formation of ammonium nitrate type species will occur [79, 81]. This formation of
ammonium nitrate species can cause blockage of the active copper sites causing a decrease in
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SCR activity. Ciardelli et al [81] developed a kinetic model using a vanadia based catalyst,
where it was proposed that the formation of the ammonium nitrate species was of high
importance to the fast SCR mechanism and that NO functioned as a destabilizer of nitrates to
nitrites which thereafter reacted to N2. It is generally accepted that the decomposition of the
ammonium nitrates species at low temperatures is the cause of the formation of N2O [34, 80, 82].
This result agrees with the theory that the formation of ammonium nitrate species may block the
SCR activity at low temperatures. Both catalyst exhibits signs of this deactivation but the small
pore Cu-SSZ-13 showed to be slightly more affected. The formation of ammonium nitrates and
thus N2O formation have been reported to be facilitated by the increase of NO2/NOx ratio [80].
This is why during the fast SCR experiment a much higher formation of N2O can be observed.
The formation of N2O by Cu-Beta was at about 60 ppm at the lowest temperatures whereas the
formation of N2O for Cu-SSZ-13 was very low. This suggests that the lower NOx conversion
activity of Cu-SSZ-13 at low temperatures may be attributed to formation of more stable
ammonium nitrate species that cause blockage of the active sites. Whereas in the case of CuBeta, the formed ammonium nitrates species decomposes more easily and thereby produces more
N2O. As seen in Figure 23a), at the temperatures of 250-400°C both catalysts exhibited nearly
full NOx conversion, but at higher temperatures 500°C the NOx conversion appears to be affected
by the competitive NH3 oxidation.
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6.4 Evaluating Excess NH3 during SCR over Cu-SSZ-13
6.4.1 Standard SCR
The Cu-SSZ-13 catalyst where evaluated using different NOx/NH3 ratios, 1 and 0.85. The
two Cu-SSZ-13 samples were exposed to 400 ppm NH3, 400/340 ppm NO, 8% O2 and 5% H2O
in Ar by increasing the temperature stepwise. The result of the different SCR conditions is
presented in Figure 24. In the Figure 24a), it can be observed that with increased concentration of
NH3 in the feed over the fresh Cu-SSZ-13 an increase in NOx conversion can be achieved. Using
an excess of NH3, the SCR reaction also does not experience the same extent of NH3 limitation at
high temperatures caused by NH3 oxidation. At the same time as more NOx conversion can be
achieved by using excess NH3, more NH3 was measured in the outlet which is undesired since
this would have to be removed in a later staged of aftertreatment such as ASC. The N2O
formation, Figure 24c), was similar for the two ratios.

a)

b)

c)

Figure 24. Standard SCR over Cu-SSZ-13 using different NOx/NH3 ratio (ratio 1 green) (ratio 0.85 purple). a) NOx conversion measures. b) NH3
conversion. c) measured N2O formation
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6.4.2 Fast SCR
The comparison of SCR reaction using different NOx/NH3 was further evaluated for fast SCR
conditions, whereas the concentration of NO2 was decrease in the case of NOx/NH3 = 0.85. The
results of the NOx, NH3 conversion and N2O production are shown in Figure 25. With a
decreased amount of NOx, more specifically NO2, one can directly see that the NOx conversion
of the Cu-SSZ-13 is higher for all temperatures. Whit a lower amount, a decrease in ammonium
nitrates species is likely, which is why the NOx/NH3 = 0.85 does not experience the blockage of
active copper sites as the SCR reaction with a stoichiometric feed dose. That fewer ammonium
nitrates species is formed can also be seen in the formation of N2O, Figure 25. c), which is
caused by the decomposition of these species. The excess ammonia again also stopes the SCR
reaction to be limited by the concurrence of NH3 oxidation at higher temperatures, which can be
observed at 500°C for NOx/NH3=1. However, when using this excess NH3 concentration
compared to that of equal concentration of NOx, an increased amount of unconverted NH3 could
be measured for the lower temperatures, as seen in Figure 25. b).
b)

a)

c)

Figure 25. Standard SCR over Cu-SSZ-13 using different NOx/NH3 ratio (ratio 1 green) (ratio 0.85 purple). a) NOx
conversion measures. b) NH3 conversion. c) measured N2O formation
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6.5 SO2 poisoning under SCR conditions
6.5.1 Deactivation and regeneration Cu-Beta vs Cu-SSZ-13
The evaluation of the Cu-zeolites effect of sulfur deactivation and regeneration after
exposure to 6 hours of SO2 in SCR conditions were executed by performing a series of SCR
activity test. Following the experimental procedure, the first activity test performed after
poisoning was fast SCR. Each standard SCR activity measurement that was performed increased
with temperature steps and are viewed as a regeneration process.
6.5.1.1 Fast SCR
The first fast SCR test directly after poisoning, shown as SO2 poisoned in the Figure 26,
shows a clear deactivation at low temperature for both Cu-zeolites. Interestingly the Cu-SSZ-13,
experience a much more severe deactivation at 175°C from 85% to 19% conversion and 200°C
at 95% to 46% after deactivation, whereas Cu-Beta at these temperatures only decreased from
87% to 81% and 96% to 86% respectively. Cu-SSZ-13 is clearly more deactivated by the SO2
exposure.

100

100

80

NOx Conversion (%)

NOx Conversion (%)

a)

60
40

Fresh Cu-SSZ-13 1.7 wt. % Cu
SO2 poisoned
Regeneration 1
Regeneration 2
Regeneration 3

20
0
150
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200

225
250
275
Temperature (℃)

300

325

b)

90
80
Fresh Cu-Beta 1.9 wt.% Cu
SO2 poisoned
Regeneration 1
Regeneration 2
Regeneration 3

70
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350
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Temperature (℃)
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Figure 26. NOx conversion from fast SCR after poisoning and the different regeneration steps compared to fresh. a) Cu-SSZ-13 and b) Cu-Beta.
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350

After the first activity measurement repeated fast SCR were performed after the standard
SCR experiments (300°C, 400°C and 500°C) in order to observe the changes caused by the
potential regeneration caused by the standard SCR experiments. The change in NOx conversion
caused by each standard SCR after the initial deactivation through SO2 poisoning for each Cuzeolite is presented as bar-charts in Figure 27. The change in NOx conversion was calculated
using equation (Eq.2).

a)

b)

Figure 27. Graph showing of calculated Percentage of change in activity in fast SCR throughout the experiments. a) Cu-SSZ-13 and b) Cu-Beta

After first regeneration of standard SCR up to 300°C a slight increase of NOx conversion at
all temperatures can be observed for Cu-SSZ-13. For this case the Cu-Beta also experience a
small increase for all temperatures with the exception of 175°C where there is a slight decrease
in the NOx conversion. For each standard SCR run with increased temperature Cu-SSZ-13
experience better NOx reduction activity compared to that of the deactivated state. After
standard, up to 500°C, was performed the Cu-SSZ-13 seems to be almost fully back to that of its
fresh activity capabilities. Cu-Beta, however, while experiencing less sever deactivation after
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poisoning appear to be unable to recover as well for the temperatures of 175-250°C even after
Standard SCR up to 500°C.
Another important factor to consider when comparing Cu-SSZ-13 and Cu-Beta is the
unwanted production of N2O. After SO2 poisoning the formation of this species decreased for
both catalysts, Figure 28.
b

N2O (ppm)

N2O (ppm)

a)

Figure 28. N2O formation under fast SCR after poisoning and the different regeneration steps compared to fresh. a) Cu-SSZ-13 and b) CuBeta.

While it was already observed that the fresh Cu-Beta form significantly more N2O as fresh it
is interesting to note that after the poisoning both catalyst experience a significant decrease in
formation of N2O. Indicating that the sites where the formation of ammonium nitrates species
occurred are deactivated by sulfur spices. For Cu-Beta, the N2O formation was regained through
each regeneration procedure and after Regeneration 3 the formation of N2O is basically back to
its original fresh state. Cu-SSZ-13 initially had much lower formation of N2O and once the
catalyst was exposed to sulfur poisoning the N2O formation was blocked. Through the repeated
SCR the formation of N2O in the Cu-SSZ-13 remained overall unchanged.
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6.5.1.2 Standard SCR
The standard SCR over the Cu-zeolites after the sulfur poisoning clearly shows, Figure 29,
that the activity was significantly affected by the poisoning but could be improved through
repeated regenerations as seen for Regeneration 3. The first standard can be observed as the
poisoned activity measurement since the fast SCR up to 300°C most likely did not remove sulfur
species from the Cu-zeolite. Again, it is apparent that the Cu-SSZ-13 becomes more deactivated
by sulfur poisoning.

a

b

Figure 29. NOx conversion from Standard SCR after poisoning and the different regeneration steps compared to fresh. a) Cu-SSZ-13 and b) Cu-Beta.

The standard SCR up to 400°C, seen as Regeneration 2, shows that no great change in the
NOx reduction activity occurred for the low temperatures (100-300°C) after the catalyst had been
exposed to the first standard SCR 300°C. The changed of NOx activity for the Cu-zeolites caused
by the Regeneration 1 is more clearly presented in the Figure 30.
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Figure 30. Calculated percentage of change in activity in Standard SCR over Cu-SSZ-13 and Cu-Beta after first regeneration step
(300°C)

Whereas, for the same temperatures during the third standard SCR (500°C) a much greater
improvement in the NOx reduction can be observed, especially that of 200-300°C. The change in
NOx conversion in the third standard compared to that of the first one is presented in Figure 31.
Again, it can be observed that the Cu-SSZ-13 are able to recover better through the experiments

Figure 31. Calculated percentage of change in activity in Standard SCR over Cu-SSZ-13 and Cu-Beta after second
regeneration step (400°C)
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than that of the Cu-Beta.
As for the formation of N2O during the standard SCR experiments it is observed, Figure 32,
that both Cu-zeolites decreases the formation of this undesired species upon poisoning,
indicating that the sites where ammonium nitrates could form are deactivated by the sulfur
poisoning. For Cu-SSZ-13 negligible amount could be measured from standard SCR reactions.
The Cu-Beta zeolites formation is still notable after poisoning and the N2O concentrations
increase with the regeneration steps.

b)

N2O (ppm)

N2O (ppm)

a)

Figure 32. Formation of N2O from standard SCR after poisoning and the different regeneration steps compared to fresh. a) Cu-SSZ-13
and b) Cu-Beta.
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6.5.1.3 NH3-TPD
The change in the Cu-zeolites capacity to store NH3 was also evaluated after the catalysts had
undergone the SO2 poisoning and the regeneration procedure. The desorption peak for the CuSSZ-13 and the Cu-Beta are presented in Figure 33. The desorption peak of the SO2 poisoned
samples follow the same trend as the fresh, but releases an increased amount of NH3, suggesting
that the sulfur still adsorbed on the catalyst surface is capable of storing NH3. The measured NH3
during the temperature ramping is presented in Table 10 which confirms an increase in NH3 from
the poisoned samples in comparison to the fresh. The sulfur poisoned Cu-Beta sample also
appears to shift the temperature needed for desorbing the NH3, indicating that NH3 binds slightly
stronger to the adsorbed sulfur than when it is adsorbed on the active sites. What is interesting to
see is that after the regeneration steps, the Cu-Beta appears to have more sulfur adsorbed on the
catalyst compared to that of the Cu-SSZ-13, seeing as the Cu-Beta exhibit a much greater storage
capacity of NH3 after the poisoning/regeneration. The reason for this is likely that Cu/SSZ-13
was more fully regenerated from sulfur.

b)

a)

Figure 33. NH3-TPD desorption curves from fresh and SO2 poisoned/ regenerated samples. a) Cu-SSZ-13 b) Cu-Beta.
Table 10 Measured NH3 desorbed from the Cu-zeolites fresh vs. SO2 poisoned samples.

Cu-zeolite

Fresh-NH3 storage (mmol/g)

SO2 Poisoned- NH3 storage (mmol/g)

Cu-Beta

0.29

0.36

Cu-SSZ-13

0.50

0.52

80

6.5.2 Activity measurement using SCR feed of NO/NH3=1 vs. NO/NH3=0.85
The evaluation of SCR activity of using a lower NOx/NH3 after SO2 poisoning was further
evaluated on the Cu-SSZ-13. The evaluation was performed using SCR reactions comparing the
result to the fresh samples activity when exposed to the same conditions, the same as previously
performed for the Cu-SSZ-13 vs. Cu-Beta comparison.
6.5.2.1 Fast SCR
The fast SCR reaction was the first activity measurement performed after the sulfur exposure,

a)

b)

c)

d)

Figure 34. Conversion measurement from fast SCR after SO2 poisoning using different NOx/NH3 ratio. Ratio 1 a) NOx conversion and b) NH3
conversion. Ratio 0.85 c) NOx conversion and d) NH3 conversion.

Figure 34.

It can be observed the for NOx/NH3=1, Figure 34a), the NOx activity for lowest temperature 175200°C is more deactivated than that of the fast SCR using excess NH3, Figure 34c). However,
after standard SCR regeneration using of temperature 400°C, more recovery of the activity is
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obtained for the fast SCR reaction using (NOx/NH3=1). After the catalysts have been exposed to
regeneration 3 (standard SCR 500°C) both exhibits similar NOx conversion activity. The NH3
conversion, Figure 34b) and Figure 34d), shows that using the increased amount of NH3 goes
unconverted though the catalyst at all measured temperatures when using rato 0.85 compared to
the ratio 1 where 100% conversion is found even directly after poisoning.
Interestingly, the production of N2O after poisoning, as seen in Figure 35, appears to be less
affected when using excess NH3. In case of the stoichiometric fast SCR barely any concentration
of N2O after sulfur poisoning could be observed and the formations capacity continuous to show
little effect throughout the regeneration procedure. Whereas, in the fast SCR with a decreased
NOx (NO2), Figure 35b), the initial measured N2O formation was lower. Moreover, it could be
recovered better throughout the regeneration steps. This indicates that the formation of
ammonium nitrates could still occur on the catalyst active sites when the feed holds excess of
NH3.

b

N2O (ppm)

N2O (ppm)

a

Figure 35. Formation of N2O from fast SCR after SO2 poisoning using different NOx/NH3 ratio. a) Ratio 1 and b) Ratio 0.85
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6.5.2.2

Standard SCR

The results of the standard SCR performed with the different NOx/NH3 conditions after the
SO2 poisoning in SCR conditions are presented in Figure 36.

b)

a)

d)

c)

Figure 36. Conversion measurement from standard SCR after SO2 poisoning using different NOx/NH3 ratio. Ratio 1 a) NOx conversion and b)
NH3 conversion. Ratio 0.85 c) NOx conversion and d) NH3 conversion.

The difference in NOx conversion for low temperatures when using these conditions proved
to be minor. It is only when the temperature exceeds above 350°C that an excess NH3 is
favorable, since it is not limited by NH3 oxidation. On the other hand, it is clear from Figure 36
d) that the catalyst is unable to convert the excess NH3 and more ammoniac slip occurs
compared to that when the stoichiometric ratio was used, as seen in Figure 36b).
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The N2O production in the case of standard SCR after poisoning is presented in Figure 37.
The measured N2O in both cases are, however, low. Similar formation (<1 ppm) of N2O after
poisoning is observed in both regeneration conditions and continues to do so also after
regeneration.
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Figure 37. Formation of N2O from standard SCR after SO2 poisoning using different NOx/NH3 ratio. a) Ratio 1 and b) Ratio 0.85
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600

6.6 SOx poisoning excluding NH3
In the case of evaluating the deactivation effect caused by SO3 poisoning, SCR conditions
could not be used under the poisoning. When the first experiment was performed using SO3 and
NH3 together, problems such as clogging of the system occurred, caused by formation of
ammonium sulfate species. For this reason, the SO3 study was chosen to be performed by
excluding the ammonia in the poisoning feed. Instead, in order to simulate as real conditions as
possible where sulfur exposure would occur together with SCR conditions the catalysts were preexposed to 800 ppm NH3 for 30 minutes in order to have some ammonia coverage on the surface
during the poisoning. Following the exposure of NH3 the Cu-SSZ-13 catalyst was thereafter
exposed to six hours SOx together with a SCR feed excluding the NH3 at 200°C. Several
previous studies [14, 47, 49, 55] have showed that the degree of deactivation of sulfur poisoning
over Cu-zeolites changes depending on which feed condition the poisoning occurs in and the
presence of NH3 have been concluded to cause ammonium sulfate formation on the catalyst. This
in turn means that for the comparison of SO2 vs SO3 another SO2 poisoning without NH3 also
had to be performed over the Cu-SSZ-13. Performing another SO2 experiment with just preexposure of NH3 the deactivation effect when having NH3 during poisoning can also be
evaluated.
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6.6.1 Fast SCR
The SCR reaction measurements were performed in the same manner as the previous
experiment, meaning the fast SCR activity was measured after the sulfur poisoning and
continuously measured after each standard SCR. The NOx activity performed by each catalyst
sample after the SOx exposure is presented in Figure 38.

a)

b)

Figure 38. NOx conversion from fast SCR after SOx poisoning without NH3 and the different regeneration steps over Cu-SSZ-13 compared to fresh.
a) SO3 poisoning and b) SO2 poisoning.

It is clear that the deactivation caused by SO3 poisoning is much more severe compared to that
of the SO2. The SO3 poisoning deactivates the catalyst SCR activity for all temperatures whereas
the SO2 instead only causes notable decrease in NOx conversion for the lowest temperatures
(175-200°C). Regeneration 1, standard SCR 300°C, is again insufficient to cause any recovery of
the activity for both sulfur poisoned samples. For the SO3 poisoned sample, seen in Figure 38a),
400°C standard SCR (Regeneration 2) causes a more extensive recovery of activity and the
catalyst is able to perform almost full conversion at 250-300°C. Both samples have been able to
recover greatly after being exposed to 500°C standard SCR (Regeneration 3), but the SO3
poisoned samples still exhibits lower NOx conversion activity.
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The formation of N2O after the sulfur poisonings are shown in Figure 39. After poisoning the
mechanism responsible for the N2O formation have clearly been deactivated, more so for the SO3
compared to the SO2 exposed sample. The regeneration procedure using standard SCR 400°C
and 500°C recover the production of N2O in the sample, whereas in the SO2 poisoned sample
recovers more than the SO3 poisoned one.

a)

b)

Figure 39. Formation of N2O from fast SCR after the SOx poisoning and regenerations. a) SO3 poisoning b) SO2 poisoning.
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6.6.2 Standard SCR
The NOx conversion in standard SCR after SO2 or SO3 exposure are illustrated in Figure 40.
It is clear from the result that the SO3 poisoning causes much more severe deactivation than that
of SO2. The Regeneration 1 (up to 300°C) causes little to no recovery in activity but both catalyst
exhibits improvement in activity for the temperatures of 250-300°C after exposure to standard
SCR at 400°C as seen in the Regeneration 3 curves.

a

b)

Figure 40. NOx conversion from standard SCR after SOx poisoning without NH3 and the different regeneration steps over Cu-SSZ-13
compared to fresh. a) SO3 poisoning and b) SO2 poisoning.

The formation of N2O after the different poisoning conditions can be observed in Figure 41,
whereas both sample appears to follow the same trend with very low concentration of N2O in
general, again likely due to reduced formation ammonium nitrates caused by the poisoning [46].
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b)

a

Figure 41. Formation of N2O from fast SCR after the SOx poisoning and regenerations. a) SO3 poisoning b) SO2 poisoning.

It is clear that the SO3 poisoning caused more deactivation in general than that of the SO2
compared to fresh. a) SO3 poisoning and b) SO2 poisoning.

poisoning, whereas both appear to reach the initial fresh activity at higher temperatures. The SO2
poisoned sample even shows slight increase in NOx reduction at higher temperature to that of its
fresh catalyst.
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6.6.3 NH3-TPD
The ammonium storage capacities after SO3 vs SO2 poisoning and the regeneration process
were evaluated using NH3-TPD. The results from the experiments are presented in Figure 42 and
show that an increase in ammonia storage is observed. Both poisoned samples follow the same
trends as the fresh. However the SO3 poisoning, Figure 42a), shows an even larger increase of
NH3 desorption during the temperature ramping than that of the SO2 (w/o NH3) poisoned
sample, Figure 42b). The amount of ammonia measured during the desorption, presented in
Table 11, confirms that the SO3 poisoned sample stores more NH3 than that of SO2 poisoned.
Interesting to note is that the SO2 poisoned w/o NH3 is capable to store more NH3 than the
sample of SO2 poisoning in SCR conditions presented in Table 11. These results shows that after
the regeneration process the Cu-SSZ-13 exposed to SO3 have the most sulfur left on the surface
even after the regeneration up to 500°C.

Figure 42. NH3 desorption from the NH3-TPD. a) SO3 poisoned b) SO2 poisoned.
Table 11. Measured NH3 desorbed from Cu-SSZ-13 fresh vs SOX poisoned samples.

Cu-zeolite

Fresh- NH3 storage
(mmol/g)

Cu-SSZ-13

0.50

SO2 w/o NH3 Poisoned
- NH3 storage
(mmol/g)
0.54
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SO3 Poisoned - NH3
storage (mmol/g)
0.60

6.7 Comparison of the sulfur poisonings over Cu-SSZ-13
The deactivation degree caused by the different sulfur poisoning conditions can more clearly
be observed in the bar-charts presented in Figure 43, comparing the NOx conversion. The initial
activity measured over the fresh Cu-SSZ-13 for each temperature is presented together with the
first activity measurement of fast and standard SCR for the different sulfur poisoned samples. It
is clear that sulfur inhibits the SCR reactions, specifically in the low temperature region
(<300°C).

b)

a)

Figure 43. NOx conversion over different temperatures measured after the different SOx poisoning over Cu-SSZ-13. a) Fast SCR conditions
and b) Standard SCR conditions.

As seen in Figure 43, the SO3 poisoned sample demonstrates more severe deactivation for
temperatures in both the fast and standard conditions. What is interesting is that the SO2
poisoned sample that only were exposed to NH3 pre-sulfur exposure and not during the actual
poisoning shows overall better NOx conversion compared to the sample exposed to SO2 in SCR
conditions. These results are in line with previous studies [46, 47], where more sulfur was
observed to be adsorbed in the presence of NH3. The reason as to why the SO2 (w/o NH3) sample
is less deactivated is likely due to the fact that with NH3 presence a larger amount of ammonium
sulfate species is formed on the surface compared to the formed sulfur species with no NH3 in
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the feed. Thus, the NH3 promotes the co-adsorption on the catalyst active sites. Whereas in the
case of sulfur treatment without NH3, copper sulfate species are the cause of deactivation instead.
The possibility to recover the loss of activity in the sulfur exposed samples is also of great
importance and the activity of the fast and standard SCR performed on the samples after the
regeneration process is also compared in this section.
The regeneration condition of using standard SCR up to 300°C essentially caused little to no
improvement in all sulfur poisoning samples as was showed in the previous sections. The
comparison of activity will therefore only focus on the fast and standard SCR experiments
performed after standard SCR of 400°C and 500°C.
The change in NOx conversion activity caused by the exposure of 400°C standard SCR can
be observed in the bar-charts presented in Figure 44.
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Figure 44. NOx conversion over different temperatures measured after the regeneration with 400°C over the different SOx poisoning Cu-SSZ-13
samples. a) Fast SCR conditions and b) Standard SCR conditions.
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All sulfur exposed samples have been able to recover partially its activity, again the SO3
poisoned samples still have the lowest performance at low temperatures. What is interesting to
observe is that while fast SCR, Figure 44a) appears to be able to recover activity at low
temperature (< 300°C) much better than that of standard SCR after the 400°C exposure. This
indicates that different mechanism is used for fast and standard SCR and the sites used in fast
SCR is better recovered using lower temperatures. As observed for standard SCR, in Figure
44b), at high temperature an increased NOx activity is experienced in the poisoned samples
compared to that of the fresh sample. Again, this is most likely due to a deactivation of sites
where NH3 oxidation previously occurred.
As for the NOx conversion of the SO2 poisoned samples, it is yet again observed that the
poisoning of Cu-SSZ-13 without NH3 is capable of higher NOx conversion than that of the
poisoning in SCR conditions. As previously mentioned the difference in deactivation observed
between the SO2 with and without NH3 presence during the poisoning treatment, is likely due to
the different formation of sulfur species. Ammonium sulfate spices deactivates more but are less
thermally stable than the copper sulfate species that are formed on the surface when NH3 is
excluded. [47, 50, 57].
For the fast SCR measurements an additional experiment was performed, seen in Figure 45,
following the catalyst exposure to standard SCR of 500°C, this in order to see the potential
recovery in activity caused by this condition.
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Figure 45. NOx conversion under fast SCR measured after the regeneration with 500°C over the different SOx poisoning Cu-SSZ-13 samples.

Exposure to 500°C indeed provided even further recovery of the NOx activity for all sulfur
exposed samples. Again, the SO3 sample indicates to still contain the most sulfur species as the
NOx conversion in fast at 175-200°C is the lowest compared to the SO2 poisoned samples. All
poisoned samples were able to perform full conversion at fast SCR 250-300°C condition.
In the case of standard SCR, however, no additional experiments were performed after the
catalyst had been exposed to the 500°C standard SCR condition. It would have been interesting
to perform yet another standard SCR after the 500°C experiment, as it stands to reason that the
recovery of the performance in standard SCR at low temperature would be even greater. In the
SO2-SCR poisoned sample a notable increase of NOx conversion is likely to have been observed
based on previous findings, seeing as the ammonium sulfur species is documented to decompose
at 500°C [47].
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6.8 DRIFTS study of Cu-zeolites
DRIFTS were performed for further investigation of the interaction between sulfur and Cu
sites. The NO adsorption technique have been proven useful for the investigation of the nature of
active cationic sites in zeolite framework [48]. The NO adsorption DRIFTS data performed can
be observed in Figure 46 and Figure 47. The intensity between the samples cannot be compared
seeing as the experiments were performed at different times, but the trends of each sample can be
used as a comparison.

Figure 46. DRIFTS NO adsorption preformed on fresh and SO2 Poisoned over Cu-SSZ-13 samples. a) Fresh. b) SO2 poisoned.

Figure 47. DRIFTS NO adsorption preformed on fresh and SO2 Poisoned over Cu-Beta samples. a) Fresh. b) SO2 poisoned.
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Previous study [66] performed has identified two types of adsorption complexes formed over
the Cu-zeolites surfaces in SCR reactions. The first group have been classified as different
configurations of surface nitrates formations in the region of 1550-1650 cm-1. These nitrate
formations can also be observed in result that was obtain during the NO adsorption of the
samples. The other characterized as the NO+ at the exchange site which was documented to be
around 2134 cm-1 for Cu-BEA and 2155 cm-1 for Cu-CHA. As seen in the Figure 46 the Cu-SSZ13 exhibits a clear peak at around 2160 cm-1 that can be assigned to this whereas the Cu-Beta,
Figure 47, samples did not display a band at this location.
For further investigation of the cupper sites in the samples zoomed in graphs over the regions
where copper species have been documented are presented in Figure 48.
a)

b)

c)

d)

Figure 48. DRIFT NO adsorption preformed on fresh and SO2 Poisoned samples, Cu2+ site. a) Fresh Cu- SSZ-13-13 b) SO2 poisoned
Cu-SZZ-13. c) Fresh Cu-Beta and d) SO2 poisoned Cu-Beta
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The samples all underwent pretreatment of O2 at 500°C, for this reason the observed copper
sites were more likely to be presented as Cu2+[63]. The results indicates that there are no Cu+
species in the samples since no band can be observed in the region of 1728-1810 cm, where Cu+
have been documented [31, 63]. It is generally agreed that NO adsorbed on Cu2+ sites can be
observed in the region of 1850-200cm-1 [31, 48, 83], from the obtained results shown in Figure
48 and in Figure 48 one can conclude that Cu2+ is the main species in the catalyst.
The degreened Cu-SSZ-13 in Figure 48a) shows continuous NO adsorption throughout the
exposure to NO as can be observed through the increased intensity of the peak around 1920 cm-1.
Interestingly, for degreened Cu-Beta sample, Figure 48c), the intensity peak initially grows
around 1890 cm-1 up until approximately 15 minutes of NO exposure and thereafter shrinks. This
phenomenon is similar to that observed from the previous study by Szanyi et al [84].
The SO2 poisoned samples also show different NO adsorption behaviors. The Cu-SSZ-13,
Figure 48b) proved to still hold NO adsorption capability throughout the experiment, the peak
around 1910-1920 cm-1 is observed while it slowly decreases through the test. The SO2 poisoned
Cu-SSZ-13 also exhibited an additional small peak at around 1880 cm-1 at the first measurement
that slowly decreases throughout the experiment. For the sulfur poisoned Cu-Beta sample,
Figure 48d) however, the Cu2+ that could be observed in the degreened sample for NO
adsorption no longer exhibits any peak, indicating that these sites have become blocked by the
sulfur.
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6.9 Kinetic modeling
6.9.1 NH3 TPD
It is crucial to have a good description for the catalyst ammonia storage and release capacity
to obtain a good overall SCR model. The parameters over the two sites, S1 and S2, used for the
adsorption/desorption on the Cu-SSZ-13 over high and low temperatures were initially based on
previous research [70] and thereafter fit the obtained experimental data. The results from the
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simulated and the experimentally obtained data over the NH3 TPD are presented in Figure 49.

0
10500

NH3 Sim. (ppm)
NH3(ppm) (-)
Temp. (degC)

Figure 49. Experimental and kinetic model of the NH3 TPD over Cu-SSZ-13, using values presented in Table 13.

The NH3 TPD starts with exposing the catalyst to 400 ppm NH3, 8%O2 and 5%H2O at 200°C
In the graph it can be observed that no NH3 is measured until approximately 350 sec, meaning
that the ammonia is adsorbed on the catalyst. The model is able to describe the ammonia
desorption peaks fairly well with the use of the two sites, indicating different copper sites that are
located in the 6- respectively 8MR, as well as Brönsted acid sites. In this model however, the
loosely bound physiosorbed ammonia have not been taken to account, these sites have been
determined to be important for adsorption/desorption during low temperatures. This is likely why
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the simulation has a much sharper profile than that obtained from the experimental one. In the
experimental data a slight curve can also be observed indicating a slower adsorption when
catalyst is close to saturation.
After the ammonia exposure the catalyst was exposed to an argon flow where the loosely
bound NH3 can be observed to desorb in the experimental results, this occurrence is not observed
in the model with two sites. The desorption peaks that are formed by the ramping of the
temperature are fairly similar in both cases. The two peaks occur around the same temperatures,
the overall desorption profile is a bit broader in the case of the experiment.
Generally, the model described the storage and release of the ammonia over the Cu-SSZ-13.
The simulation was performed to get a further understanding of the catalyst physical and
chemical behavior under transient action. Values used for the activation energies were acquired
from Olsson et al. [70], where thorough micro-calorimetric experiment were conducted to
determine the heat of adsorption in a Cu-SSZ-13 catalyst. The adsorption of ammonia is assumed
to be non-activated, this assumption has been used in other studies [73, 85], therefor the EAa is
zero. The final simulation was produced though changing the pre-exponential factors of the
ammonia adsorption and desorption that was initially based on literature and calibrated until the
simulation fitted the real behavior obtained from the experimental procedure.
The kinetic parameters used for the final simulation are described in Table 12.
Table 12. Estimated parameters used for the NH3-TPD.

Site

Site density
-2

(mol *m )

Pre-exp. factor

Activation energy

Pre-exp. factor

Activation energy

adsorption, Aa

adsorption, EA,a

desorption, Ad

desorption, EA,d

-1

(kJ*mol-1)

-1

-1

(s )

(kJ*mol )

(s )



S1

1.2*10-3

2.05*104

0

2.5*1013

149

0.2

S2

3*10-3

0.55*104

0

0.78*1013

138

-
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6.9.2 NH3 oxidation
The ammonia oxidation reaction occurs when the ammonia is adsorbed on an active site, the
oxidation reaction is thereby dependent on the catalyst capability of ammonia storage and
release. Therefore, the simulation of the oxidation must be performed together with the
determined kinetic parameters of the NH3-TPD. The kinetic parameters were determined through
literature and changed to fit the experimental obtained data. Final values used are presented in
Table 13.
Table 13. Estimated parameters used for NH3 oxidation.

NH3 oxidation site

Pre-exp. factor adsorption, Aa (s-1)

Activation energy adsorption, EA,a (kJ*mol-1)

S1

310

75.5

S2

1.6*1011

190
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Figure 50. Experimental and kinetic model of the NH3 oxidation over Cu-SSZ-13, using values presented in Table 13.
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The result obtained from the simulation is presented in Figure 50, together with the measured

experimental NH3 oxidation performed over the Cu-SSZ-13.
As can be observed, the simulation can fit the experimental data quite well, but there are
some deviations. The largest deviations in the NH3 oxidation simulation are observed at 400°C
where much more oxidation are achieved in the simulation and at 300°C where higher
conversion was achieved in the experimental data. Overall, the simulation exhibits the similar
behavior as to the real values obtained from the Cu-SSZ-13. The NH3-SCR experiment was
thereafter simulated using the values presented in Table 13. The activation energies used for the
final model of NH3 oxidation reaction are in range of the values found in literature. Olsson et al.
[70] obtained values of 72.7 and 195 kJ/mol for the S1 respective S2. Another study performed
over Cu/CHA documented and activation energy of 178.8 kJ/mol [86]. However, the values were
different for Cu-ZSM-5 (93 and 115 kJ/mol) [73].
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6.9.3 NH3-SCR
The final step in the model was to put in the NH3- SCR, standard SCR reactions, where the
adsorbed ammonia on the catalyst reacts with NO. The ammonia adsorption/desorption and the
competitive NH3 oxidation had to first be simulated in order to retrieve parameters for those
reactions that were thereafter used in the SCR simulation. In the SCR model,
formation/decomposing of ammonium nitrates and the formation of N2O were excluded, since
they were low for the Cu/SSZ-13 sample.
The results of the concentration from the NH3-SCR kinetic model and experimental data are
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presented in Figure 51, showing the NH3 and Figure 52 in showing the NO concentration.
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Figure 51. NH3 concentration from experimental and the kinetic model of the NH3-SCR over Cu-SSZ-13, using values
presented in Table 15.
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Figure 52. NO concentration from experimental and the kinetic model of the NH3-SCR over Cu-SSZ-13, using values
presented in Table 15.

The model describes the ammonia consumption during the NH3-SCR over the different
temperature steps well. The model also describes the NO concentration well.
The final parameters used for the NH3-SCR simulation are presented in Table 14.
Table 14. Estimated parameters used for NH3-SCR.

NH3 SCR

Pre-exp. factor adsorption, Aa (s-1)

Activation energy adsorption, EA,a (kJ*mol-1)

S1

35.7*108

68.5

S2

0.5*1010

140

The activation energies used for the ammonium SCR reactions over S1 and S2 seen in Table
14 are also in the range of what have been found in previous studies. Olsson et al. [70] used the
following activation energies for the NH3-SCR reactions were used 68.3 and 105 kJ/mol. Other
studies of the NH3-SCR reaction performed over Cu-ZSM-5 showed similar range for the
activation energy, where Baik et al. [87] found the activation energy to be 52kJ/mol and Olsson
et al.[85] in this case determined the values to be 85kJ/mol.
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7 Conclusion
The aim of this thesis was to investigate the deactivation mechanism of NH3-SCR Cuzeolites, which is one of the most applied techniques used for the NOx reduction of diesel
exhaust gas. The study was performed through experimental studies of activity measurement
preformed over fresh and SO2 poisoned samples, using two different types of zeolites, Cu-Beta
and Cu-SSZ-13. The effect of different SOx poisoning conditions was continued using Cu-SSZ13 the focus of the study when evaluating the experienced deactivation and recovery of activity.
Through the comparison of the activity measurement performed over Cu-SSZ-13 (1.7 wt.%)
and Cu-Beta (1.9 wt.%) it was determined that the fresh Cu-zeolites initially had similar NOx
conversion capability in SCR conditions. Cu-SSZ-13 proved to exhibit higher NH3 storage
ability and also had a slightly higher NH3 oxidation, which is undesired due to it being a
competitive reaction towards the SCR reaction. One of the main disadvantages with the Cu-Beta
catalyst is the selectivity towards the undesirable formation of N2O under SCR conditions. CuBeta did indeed produce more N2O throughout all SCR measurement, both fresh and SO2
poisoned. This has been suggested to be caused by the formation of unstable ammonium nitrates
that decomposes and thereby forms the N2O.
After the SO2 poisoning in SCR conditions Cu-SSZ-13 experienced a larger deactivation in
its NOx conversion ability than that of Cu-Beta. The Cu-SSZ-13 proved, however, to be able to
recover more activity over the thermally increased standard SCR regeneration process than the
Cu-Beta. The ammonia TPD performed after the regeneration process over the poisoned
samples, further suggests that more sulfur is still adsorbed on the surface of the Cu-Beta than that
of the Cu-SSZ-13.
The use of an increased ammonia content in the feed during the SCR reactions proved to
increase NOx conversion at higher temperatures, which is likely due to the fact that increase
eliminates the shortage of ammonia for the SCR reaction that otherwise is experienced due to the
competitive ammonia oxidation that occurs at higher temperatures. The increase of ammonia did
however not increase the recovery of activity after deactivation of SO2.
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When performing the different SOx poisonings over the Cu-SSZ-13 several conclusions
could be made. Sulfur exposure causes sever deactivation of the Cu-SSZ-13, especially that of
the low temperature SCR performance. It is apparent that the SO3 poisoning causes more sever
deactivation that that of SO2 for the NH3-SCR reactions. The deactivation caused by SO3 is also
more difficult to recover. When ammonia is in the feed during poisoning a more sever poisoning
was also observed over the catalyst. This increased deactivation is most probable due to
formation of ammoniums sulfate species. This conclusion is further reinforced by the greater
recovery of activity that can be observed of the SO2-SCR poisoned sample after lower
temperature regeneration steps, seeing as these species have been confirmed to be less thermally
stable. The NH3-TPD experiments further confirms that when sulfur copper species are formed,
it is harder to remove from the surface.
Another important observation from the different SCR activity measurements is the
difference in recovery of low temperature (< 300°C) activity of standard and fast SCR
conditions. This indicates that there are different mechanisms in the Cu-zeolite use under the fast
and standard SCR conditions and the sites used in the fast SCR is able to recover at lower
temperatures.
The model performed in BOOST, v2013, were able to simulate the NH3-TPD, NH3 oxidation
and NH3-SCR over Cu-SSZ-13 fairly well. The simulations were built based on previous studies
and the parameters were calibrated based on literature and validated by the experimentally
obtained data. The final parameters values used were confirmed to fit within the range of
previous kinetic studies over Cu-zeolites for NH3-SCR. The trends of each reaction were
captured by the model, but further improvement of the simulation could be obtained, such as
ammonium nitrate formation/decomposition and N2O formation.
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7.1 Future work
For future work, for further understanding of the sulfur poisoning more research should be
done. The mechanisms involved in the NH3-SCR reactions in the Cu-zeolites are still not fully
known and the observed difference in poisoning and regeneration affect in the standard
respective fast SCR could be further investigates.
Method such as sulfur TPD could be performed, using SO2 and SO3 further investigating the
difference in sulfur adsorption over the surface. In-suit DRIFTS and other characterization
methods could be performed to further understand the sulfur interaction over the surface of the
catalyst.
To further develop the SO3 poisoning method that allows ammonia to be added to the feed in
order to evaluate the deactivation over the Cu-zeolites caused by these conditions. This would
provide a more realistic deactivation to what would occur within the SCR system
Further development of the model of the NH3-SCR over the Cu-SSZ-13 could be performed.
Adding the reaction such as NO oxidations, formation and decomposition of ammonium nitrates
and the formation of N2O all proved to occur to a lower extent over the Cu-SSZ-13, in order to
make the model as realistic as possible. The sulfur poisoning of SO2 and SO3 with and without
ammonia during the exposure and regeneration process could also be further investigating using
kinetic modeling.
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