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Studies of the Selective Catalytic Reduction of Nitrogen  

Oxides with Dimethyl Ether 

STEFANIE TAMM 

Department of Chemical and Biological Engineering 

Chalmers University of Technology 

ABSTRACT 

Dimethyl ether (DME) is one of the most energy-efficient and low CO2 emitting 

alternative fuels when produced from biomass. Similar to other vehicles with combustion 

engines, vehicles running on DME will most likely need after-treatment technologies for 

the reduction of NOx emissions to meet the most stringent upcoming legislations. One 

attractive technique would be selective catalytic reduction with DME as reducing agent 

(DME-SCR), which is in the focus of this thesis. 

The activity for NOx reduction with DME of several acidic catalysts was studied in a flow 

reactor and the accumulation and consumption of surface species was monitored in diffuse 

reflectance infrared Fourier transform (DRIFT) and transmission FTIR spectroscopy 

experiments over γ-Al2O3. 

It was shown that dimethyl ether is a special reducing agent since it induces radical 

reactions in the presence of O2 and NO above 300 °C before the catalyst, with NO2 and CO 

as the main products. Despite the changed feed gas composition, activity tests with DME 

as reducing agent in the flow reactor over a zeolite H-ZSM-5 and a γ-Al2O3 catalyst 

resulted in 28 and 47 % NOx reduction, respectively. During DRIFT and transmission 

FTIR spectroscopy experiments, methoxy, formate, nitrate, nitrite, NCO and likely 

formohydroxamic acid and formaldehyde-like species were observed on the γ-Al2O3 

surface. A reaction mechanism which explains the involvement of these species in the 

selective catalytic reduction of NOx was proposed. 

For DME-SCR over γ-Al2O3 it was shown in experiments where the occurrence of the gas 

phase reactions could be controlled independently of the catalyst temperature, that the 

formation of NO2 in the gas phase reactions boosts the activity for NOx reduction at 

250 °C, probably due to a more efficient reaction with NCO surface species. In contrast, at 

350 °C, lower activity for NOx reduction was observed in the presence than in the absence 

of gas phase reactions. This negative effect was explained by partial oxidation of DME in 

the gas phase reactions partly consuming the limiting reducing agent at 350 °C. 

Keywords: DME, lean deNOx, reaction mechanism, NO2 formation, gas phase reaction, 

acidic zeolite, isocyanate 
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Studier av den selektiva katalytiska reduktionen av  

kväveoxider med dimetyl eter 

STEFANIE TAMM 

Institution för kemi- och bioteknik 

Chalmers Tekniska Högskola 

SAMMANFATTNING 

Dimetyleter (DME) är ett av de mest energieffektiva alternativa bränslena om den 

framställs från biomassa. Som bränsle är DME mest intressant för dieselprocessen på 

grund av sitt höga cetantal. Likt andra fordon med förbränningsmotor, kommer fordon med 

DME-motorer behöva avgasreningssystem för att klara de striktaste lagkraven för 

kväveoxidutsläppsgränser. En intressant teknik för reduktion av kväveoxider ur avgaser 

med syreöverskott är den kontinuerliga katalytiskt selektiva NOx-reduktionen med DME 

som avhandlingen fokuserar på. 

Aktiviteten för NOx-reduktion studerades i första hand för H-ZSM-5 och γ-Al2O3 

katalysatorer i en flödesreaktor. Ackumuleringen och förbrukningen av ytföreningar på γ-

Al2O3 följdes med DRIFT (diffuse reflectance infrared Fourier transform) och 

transmissions FTIR spektroskopi. 

Det visades att DME är ett mycket speciellt reduktionsmedel i och med att den dissocierar i 

gasfasen före katalysatorn till radikaler. Över 300 °C startar reaktioner i närvaro av syre 

och NO, som huvudsakligen leder till NO2 och CO. Trots dessa förändringar i 

reduktionsmedlet visar H-ZSM-5 med 28 % och γ-Al2O3 med 47 % bra aktivitet för NOx-

reduktion i en flödesreaktor. I DRIFT- och transmissions FTIR-experiment iakttogs 

metoxy-, format-, nitrat-, nitrit-, NCO- och troligen CHO-N(H)OH och 

formaldehydliknande föreningar på γ-Al2O3-ytan. En reaktionsmekanism som förklarar 

dessa föreningars deltagande i den selektiva katalytiska NOx-reduktionen med DME 

föreslogs. 

I experiment där förekomsten av gasfasreaktionerna kunde styras oberoende av 

katalysatortemperaturen kunde det visas att NO2-bildningen i gasfasreaktionerna förbättrar 

NOx-reduktionen med DME över γ-Al2O3 vid 250 °C. Detta sker troligen på grund av en 

mer effektiv reaktion med NCO-ytföreningar. Å andra sidan var NOx-reduktionen vid 

350 °C lägre vid närvaro än vid frånvaro av gasfasreaktionerna. Denna negativa effekt 

förklarades med en partiell oxidation av DME i gasfasreaktionerna som leder till en 

minskad tillgång till det begränsande reduktionsmedlet. Experiment DRIFT-spectroscopi 

visade dessutom att isocyanater är viktiga mellanprodukter i reaktionsmekanismen på en γ-

Al2O3 katalysator. 
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1. Introduction 

Global warming as a result of the greenhouse effect has obtained increasing 

attention during the last years. Already in 1997, an agreement was reached in the 

Kyoto protocol, which commits 37 industrialized countries and the European Union 

to reduce their greenhouse gas emissions with five percent compared to 1990 in the 

period of 2008 until 2012 [1]. The objective for an agreement for the years after 

2012 is to stabilize the greenhouse gas concentrations in the atmosphere until 2050 

at such a level that the increase in global temperature stays below 2 °C as declared 

on COP 15 [2]. One of the greenhouse gases whose emissions need to be reduced in 

the future to reach this goal is carbon dioxide (CO2). Road transportation is an 

important source of CO2 through the combustion of fuel in the engines. One way to 

decrease the CO2 emissions is the use of so called lean burn engines, like diesel 

engines and lean burn gasoline engines. These engines operate with excess oxygen, 

which facilitates a better utilisation of the energy stored in the fuel. A further 

reduction of the CO2 emissions can be achieved by running these engines on 

alternative fuels from renewable sources. Examples of such alternative fuels are 

biogas, ethanol, methanol, different diesel substitutes such as Fischer-Tropsch 

diesel or vegetable oil-based diesel, hydrogen (H2) and DME. The potential for CO2 

reduction, however, differs considerably for these alternative fuels. One of the most 

energy effective and low CO2 emitting alternative fuels is DME when produced 

from biomass as shown in well-to-wheel studies [3, 4]. 

1.1. DME as an alternative fuel 

Dimethyl ether (DME) has the chemical formula CH3-O-CH3 and the IUPAC name 

methoxymethane. It is environmentally benign, since it has a low global warming 

potential and is, moreover, neither toxic, mutagenic, carcinogenic nor teratogenic, in 

contrast to conventional fuels [5]. Dimethyl ether has been used for various 

applications for about 40 years, mainly as a propellant in aerosol products like hair 

and paint spray, replacing CFC as a refrigerant, as a (co-)blowing agent for foam, as 

a solvent, and as an extraction agent [6, 7]. For these applications, it has been 

mainly produced by dehydration of methanol [6], but in view of the interest in DME 

as a fuel, single plant processes for DME production from synthesis gas have been 

developed [7, 8]. Dimethyl ether has more well defined properties compared to 



2 

conventional gasoline or diesel, and, moreover, does not contain sulphur or 

aromatic hydrocarbons. 

One property which qualifies DME as an interesting alternative fuel for the use in 

diesel engines is its -60 [3, 5], which is only slightly 

higher than that of diesel. In a diesel engine, DME has the further advantage that 

virtually no soot is produced during its combustion [5, 9]. Moreover, DME can be 

liquefied under low overpressure (> 5 bar) and, therefore, handled the same way as 

liquefied petroleum gas (LPG) partly using existing infrastructure [5, 9], which 

facilitates the market introduction of DME as a fuel. 

1.2. Reduction of nitrogen oxides in mobile applications 

The formation of nitrogen oxides (NOx) is during the combustion of fuel in an 

engine a generic problem [10, 11] since nitrogen oxides are toxic, contribute to acid 

rain and the formation of tropospheric ozone [10-13]. Therefore, the emissions of 

NOx have been regulated in many countries and the limits of these regulations have 

been stepwise made stricter during the last two decades as shown in Figure 1.1. 

Moreover limits have been introduced in an increasing number of countries all over 

the world as illustrated in Figure 1.2 [14, 15]. The NOx emissions can be lowered by 

various engine measures and through exhaust gas recirculation (EGR). The level of  
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Figure 1.1: Emission regulations for NOx and particles in the European Union, the USA and Japan 

for heavy duty engines at different years, based on data from [15, 16]. 
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Figure 1.2: Examples for implementation of stricter emission regulations for heavy duty engines 

during the last years in several countries, based on data from [15]. 

EGR that can be employed depends partly on the amount of particulate matter 

generated during combustion and compared to diesel fuel higher EGR rates can be 

applied with DME. This gives DME combustion the additional advantage of lower 

NOx emissions. Today, however, exhaust gas after-treatment systems are typically 

needed in order to reach the most stringent emission limits. 

A proven concept for reducing NOx for vehicles is the three-way catalyst (TWC). 

Over this type of catalytic converter, NOx is efficiently reduced to N2 under 

stoichiometric redox conditions as illustrated in Figure 1.3. At the appropriate 

air/fuel ratio, unburned or partly burned fuel and CO are simultaneously oxidized to 

CO2 and water reaching conversions over 90 % for all these reactions. However, in 

the presence of excess oxygen as in the exhaust from diesel or lean burn gasoline 

engines, the activity for NOx reduction over the TWC decreases dramatically as 

illustrated in Figure 1.3. 

In excess oxygen, the most attractive way to reduce NOx would be through thermal 

decomposition of NOx into N2 and O2, which is indeed thermodynamically 

favourable at typical exhaust gas temperatures but severely kinetically limited. In 

the literature, the zeolite Cu-ZSM-5 is reported to be the most promising catalyst for 

NO decomposition due to its capacity to desorb oxygen at high temperature [17]. 

However, the presence of oxygen hinders the catalytic decomposition so that no 

efficient decomposition catalyst has been commercialized in practical applications 

[17, 18]. 
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Figure 1.3: Oxygen concentration, fuel consumption and conversion of NOx, hydrocarbons and 

CO over a three-way catalyst, as a function of the air to fuel-ratio. An air to fuel-ratio of 14.6 

corresponds to stoichiometric operation. Figure adopted from [19]. 

Therefore, mainly three other concepts have been developed for NOx reduction in 

excess oxygen. The first concept is the NOx storage and reduction catalyst (NSR), 

which is based on Pt, Pd and Rh as active metals for NOx reduction and Ba as NOx 

storage material [20]. Under normal driving conditions, the engine runs lean (in 

excess oxygen) and nitrogen oxides are stored on the catalyst. When the storage 

capacity is exhausted, the stored NOx is reduced intermittently under short periods, 

while the engine is operated rich (oxygen deficient), and the catalyst is regenerated. 

The main benefit of this technique is its high NOx conversion. The drawbacks of 

this concept, however, are high costs for the high precious metal loadings, sulphur 

sensitivity and the necessity to obtain a rich exhaust gas with a lean burn engine. In 

the context of this thesis it is worth to notice, that more than 90 % NOx conversion 

has been achieved over a commercial NSR catalyst with DME as reducing agent 

[21].  

The second catalyst concept is the continuous reduction of NOx with ammonia 

(NH3), called ammonia-assisted selective catalytic reduction (ammonia-SCR). This 

technique has successfully been used in power plants for many years. Since 

ammonia is both caustic and hazardous, its storage is not suitable in mobile 

applications. Therefore, an aqueous solution of urea is used instead, which is 

hydrolysed at high temperatures to NH3 and CO2. Ammonia-SCR is the most 

efficient technique available today to reduce NOx in excess oxygen and is now 
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implemented in modern trucks. The main principle drawback of this technique is the 

need for an additional liquid that the vehicle has to be fuelled with. 

The third concept is the hydrocarbon-assisted selective catalytic reduction (HC-

SCR) of NOx, also known as lean deNOx or lean NOx catalyst (LNC). In HC-SCR, 

the NOx is continuously reduced by unburned or partially oxidized fuel in excess 

oxygen. This concept is most desirable from a vehicle system viewpoint and at the 

same time most comfortable from a driver’s viewpoint. More research, however, is 

needed to enhance NOx conversion efficiency, durability of the materials and in 

some cases also sulphur and aromatics tolerance. Chapter 2 deals with HC-SCR in 

more detail. 

1.3. Objective 

The introduction of DME as an alternative fuel in mobile applications appears to be 

desirable in view of the CO2 emissions. Similar to any other fuel, the combustion of 

DME in the engine of such a DME fuelled vehicle will form NOx, which needs to 

be reduced to satisfy the most stringent legislations. The selective catalytic 

reduction of NOx with DME appears in such a scenario to be an interesting solution 

for the problem. The objective of this study is thus to find a suitable catalyst for 

DME-SCR, to explain the particularities of DME compared to other carbon 

containing reducing agents and to propose a reaction mechanism for DME-SCR. 
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2. Selective catalytic reduction of NOx with hydrocarbons 

Ritscher and Sander patented in 1981 a copper containing zeolite catalyst, which 

was able to reduce NOx with hydrocarbons in the presence of excess oxygen [22]. In 

the late 1980s, Iwamoto et al. and Held et al. independently reported that copper 

exchanged ZSM-5 (Cu-ZSM-5) catalysts are active for the selective catalytic 

reduction of NOx with hydrocarbons [23, 24]. During the following years, it was 

found that several precious metals, metal oxides, promoted metal oxides and 

zeolites also are active for lean NOx reduction with hydrocarbons and other carbon 

containing reducing agents such as alcohols [25-27]. In contrast to NOx reduction 

over a three-way catalyst, where the reduction is hampered by excess oxygen, the 

selective catalytic reduction with hydrocarbons is promoted by O2 [28]. This leads 

to a typical volcano shaped curve for the NOx conversion activity versus 

temperature. Increasing conversion with temperature is due to faster reactions and, 

thus, activation of more reducing agent. The decrease in NOx reduction above the 

optimum temperature is ascribed to competitive reactions between NO and O2 for 

the reductant. The non-selective combustion of the reducing agent with O2 becomes 

faster than reduction of NOx by the reducing agent at higher temperatures and 

diminishes, thus, its amount remaining for the SCR reaction. The temperature of 

maximum NOx reduction corresponds often to about 90 % conversion of the 

reducing agent [25].  

Pure γ-alumina, which is one of the most thoroughly investigated catalysts in this 

thesis, has been reported to be active for HC-SCR at high temperatures [25, 29]. In 

the literature, however, Al2O3 catalysts have rarely been the main subject for 

investigations, but served rather as a simpler case to compare the obtained results 

with [26, 29-35]. In view of the observed similarities between low loaded Ag/Al2O3 

and γ-Al2O3, these materials will receive special attention in chapter 2.2. The 

similarities and differences between catalysts will also be the subject of chapter 2.3 

which gives a broad overview over reaction mechanisms depending on type of 

catalyst. However, not all catalysts are suitable for DME-SCR as will be shown in 

the next chapter. 
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2.1. DME-SCR 

The literature concerning DME as reducing agent for the selective catalytic 

reduction of NOx is quite limited. However, as shown in this thesis, DME is a very 

special reducing agent which considerably differs from most other carbon-

containing reducing agents studied in this context. The activity for NOx reduction 

with DME is low over the catalysts that have shown the highest activity for 

conventional hydrocarbon-SCR: Over a commercial Cu-ZSM-5 based catalyst, the 

NOx conversion never reached 5 % in the presence of water [21] and over a 

Ag/Al2O3 catalyst the conversion stayed below 20 % [36]. Intermediate activity for 

NOx reduction was reported for Ag/mordenite, Ag/ZSM-5, V2O5/Al2O3 and 

Ga2O3/Al2O3, reaching 25 %, 28 %, 31 % and 35 %, respectively [30, 36, 37]; and 

the highest conversion has been observed over, γ-Al2O3, Mo/Al2O3, Sn/Al2O3 and 

Co/Al2O3 with 68 %, 71 %, ca 70 %, and ca. 85 %, respectively [30, 38]. However, 

a direct comparison of the achieved conversion is intricate, due to differing reaction 

conditions. Higher conversions can be achieved over powder catalysts compared to 

monolith catalysts due to more active catalytic material per volume. An increase in 

the DME/NOx ratio can increase NOx conversion as shown in papers II and III. 

Finally, the presence of water and an increase in space velocity often decreases NOx 

conversion [25, 37]. 

Specific for DME-SCR is the formation of substantial amounts of methanol and 

formaldehyde as byproducts [30, 38]. On a γ-Al2O3 catalyst surface, it has been 

reported that DME adsorbs dissociatively as methoxy groups (-O-CH3) at 30 °C, as 

observed by diffuse reflectance Fourier transformed infrared (DRIFT) spectroscopy 

[39]. Another peculiar feature for DME as reducing agent is that NOx reduction 

does not decrease in the presence of water over Ga2O3/Al2O3 in contrast to several 

hydrocarbons. This observation was explained by the same amount of adsorbed 

DME in the absence and presence of water [37]. The same surface species as during 

DME adsorption are also observed when adsorbing methanol over Al2O3 [40]. 

These similarities can possibly explain the similar activity in NOx conversion over 

Co/Al2O3 (high conversion) and Ag/Al2O3 (low conversion) with methanol and 

DME [36, 38, 41, 42]. 
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2.2. Ag/Al2O3 as HC-SCR catalyst 

Since similarities between γ-Al2O3 and low loaded Ag/Al2O3 catalysts have been 

reported [25, 29], low loaded Ag/Al2O3 is of interest as a reference for DME-SCR 

over γ-Al2O3, in view of the sparse information available on DME-SCR. These 

similarities will be discussed in more detail with the reaction mechanism in chapter 

2.3.  

Alumina promoted by silver is a relatively inexpensive and durable catalyst for the 

selective catalytic reduction of NOx with hydrocarbons. High selectivity to N2 is 

achieved during NOx reduction over low loaded Ag/Al2O3 catalysts distinct from 

high loaded Ag/Al2O3 catalysts [25, 29, 43]. In general, highest activity for NOx 

reduction was achieved at low silver loadings of around 2 wt-% [25, 26, 29, 44-47]. 

Over these catalysts it has been suggested that dispersed Ag
+
 ions, small silver 

oxide clusters and/or silver aluminates prevail [25, 35, 48]. However, the exact 

nature of the active silver species is still under debate. In view of the nature of the 

reducing agent it has been shown that the activity for NOx reduction increases with 

the chain length of straight hydrocarbons [43]. Moreover, Ag/Al2O3 is active for 

NOx reduction with several oxygenated hydrocarbons, especially ethanol [26, 47, 

49-51]. The presence of several percent of water induces a significant decrease in 

NOx reduction when using light alkanes or alkenes as reductants, however, high 

activity can be maintained when oxygenated molecules or long straight 

hydrocarbons are used [25, 43, 47, 52]. Less important in the context of this thesis 

are the known issues of Ag/Al2O3 catalyst deactivation in the presence of sulfur [53, 

54] and the decreased activity in the presence of aromatic compounds [55]. 

2.3. Reaction mechanisms 

The reaction mechanisms of selective catalytic reduction of NOx with hydrocarbons 

discussed in the literature differ depending on the catalyst material and on the 

reducing agent. However, because of similarities between the mechanisms, they can 

be grouped into three categories characterized by the nature of the first step of the 

reaction as proposed in the literature: i) reaction mechanisms starting with NO 

dissociation, ii) reaction mechanisms with NO oxidation to NO2 as a first step, 

followed by hydrocarbon activation by NO2, and iii) mechanisms based on parallel 

activation of NOx and the reducing agent [18, 56, 57].  
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2.3.1. NO dissociation 

The simplest mechanism has been proposed for precious metals supported on oxides 

such as Al2O3 [25]. In this mechanism NO adsorbs on the reduced precious metal 

surface and dissociates into adsorbed N and O species. The combination of two N 

species results in the formation of N2, while the combination of N with NO gives 

N2O. The role of the reducing agent is to remove adsorbed O species from the 

surface and to keep the precious metal in a reduced state [25]. However this reaction 

mechanism is only applicable for strongly adsorbing hydrocarbons such as propene 

or higher alkenes, which can adsorb on platinum particles even in excess oxygen 

[25]. A similar mechanism has been proposed for metal silicates with the difference 

that only parts of the metals need to be in a reduced state [57].  

A related reaction mechanism which starts by NO and CO dissociation has recently 

been reported for silver particles supported on Al2O3. By heating the catalyst with a 

femtosecond laser and following the formation of surface species by nanosecond 

time-resolved in situ Fourier-transform infrared spectroscopy it could be shown that 

dissociated C- and N-species on the silver particles form cyanide species. These CN 

species can flip over to be bound to Al atoms and become oxidized to NCO species 

as schematically shown in Figure 2.1 [58]. 

2.3.2. NO oxidation to NO2 

In contrast to the previously discussed reaction mechanism, platinum particles are 

reported to be in an oxidized state when using propane as reducing agent [25]. In 

this case NO cannot dissociate on the platinum particles. Moreover, since NOx 

conversion is higher over Pt/Al2O3 than over γ-Al2O3 between 250 and 450 °C [59],  
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Figure 2.1: Proposed formation of NCO species from CN species over Ag/Al2O3 reproduced from 

[58]. 
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the reaction mechanism for NOx reduction is different. This higher catalytic activity 

of Pt/Al2O3 has been ascribed to the oxidation of NO to NO2 over platinum [60] and 

successive reaction steps on both platinum and the alumina support have been 

proposed [59]. Moreover, it was reported that NO is oxidized to NO2 over dispersed 

Co species, explaining why the maximum in NOx reduction with NO was higher 

over CoO/Al2O3 than over γ-Al2O3, while the opposite was observed with NO2 [33]. 

This view is supported by a higher activity for NOx reduction with NO2 than with 

NO over Al2O3 as well as over zeolite based catalysts [28, 29, 31, 33, 56]. 

Based on the previous observations for zeolite based catalysts, a common view is 

that NO needs to be oxidized to NO2 in a first step [18, 56]. The formed NO2 reacts 

with NO over an acidic site of a zeolite to two NO
+
 species and water [61]. These 

NO
+
 species may react with the reducing agent to an intermediate containing carbon 

and nitrogen atoms, which in turn reacts with a further NO or NO2 giving N2 [57].  

Other proposed mechanisms which start with the oxidation of NO to NO2 take into 

account that atoms or groups of atoms with one or more unpaired electrons are 

radicals according to the IUPAC definition [62]. This implies that NO
•
 and NO2

•
 

need to be considered as radicals. For methane it has been suggested that NO2
•
 

reacts with methane giving HNO2 and a CH3
•
 radical according to reaction (2.1) 

[57]. 

 NO2
•
 + CH4 → HNO2 + CH3

• 
(2.1) 

The CH3
•
 radicals may then react with NO and/or NO2 and form C and N containing 

intermediates. These intermediates are suggested to continue reacting in a similar 

reaction mechanism as proposed for other reducing agents [57] and will be 

discussed in the following chapter. 

2.4.  Activation of NOx and reducing agent 

Most of the reaction mechanisms that assume an activation of both NOx and the 

reducing agent are based on observations from FTIR studies. Nitrates (NO3
-
) and 

nitrites (NO2
-
) have been detected on the catalyst surface during NOx reduction and 

are discussed as reaction intermediates [25, 29]. For the reducing agent, partly 

oxidized forms of hydrocarbons as acetaldehyde and acetates have been discussed 

[44, 50, 63]. Moreover, organo-nitrogen species as isocyanates and cyanides have  
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Figure 2.2: Proposed general reaction scheme for HC-SCR over Ag/Al2O3 adopted from Burch et 

al. and Mhadeshwar et al. [25, 50]. 

been proposed as intermediates, which can react with water forming amines and/or 

ammonia [44, 49, 64-66]. All of these species give N2 in a reaction with NOx, 

nitrates or nitrites. Figure 2.2 shows an example of such a reaction mechanisms over 

low loaded Ag/Al2O3 or γ-Al2O3 adopted from the literature [25, 50]. The formation 

of N2 is believed to proceed via a reduced and an oxidized nitrogen species, 

possibly ammonia or amines and NOx or adsorbed nitrites or nitrates. These steps 

appear to be similar to the reactions occurring in ammonia-SCR. In this context, it 

has been proposed, that N2 formation is the result of the decomposition of 

ammonium nitrite-like species [67-69]. Alternatively, the pairing of nitrogen atoms 

has been proposed in the earlier literature to occur via a diazonium compound 

(containing a N=N double-bond) [56]. However, to my knowledge such species 

have not been detected under NOx reduction conditions. 
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3. Experimental methods 

3.1. Catalyst samples 

The catalyst samples, studied most extensively for DME-SCR within this work 

were commercial γ-Al2O3 and zeolite ZSM-5 in its acidic form. The Al2O3 catalyst 

powder was used as received and the ZSM-5 sample was calcined to ensure that the 

zeolite was in its H-form. The preparation of the silver containing samples, i.e. 

Ag/Al2O3 and Ag-ZSM-5 is described in detail in papers I and II, respectively. For 

the DRIFT experiments in papers I and V, no further processing of the powder 

samples was done, since they were studied in their powder form. For the flow 

reactor experiments in papers I - IV, however, the catalyst powders were 

washcoated on honeycomb structured cordierite monoliths. For this purpose, a 

slurry containing catalyst powder and binder in a weight ratio of 4:1 and water was 

prepared. For Al2O3 containing catalyst samples, a binder based on böhmite was 

used (SASOL Puralox SBa-200) and for the zeolite catalyst samples a SiO2 binder 

(Bindzil colloidal silica 30NH3/200, Eka Chemicals). The monolith was immersed 

in the slurry and the channels and the outer surface of the monolith were gently 

blown free with air, to avoid plugging of the channels and deposition of active 

material on the outside of the monolith. Subsequently the monolith was dried at 

90 °C and calcined at 550 °C for 2 min. These steps were repeated until the total 

weight of the washcoat corresponded to 20 % of the total monolith weight. Finally, 

the monolith was calcined in air at 550 °C for 2 h. For the transmission FTIR 

experiments in paper VI, the Al2O3 powder was washcoated on a woven wire steel 

mesh. Differences to the washcoating of the monoliths were that the slurry 

contained less water and that the desired amount of washcoat was evenly spread on 

the mesh in one step. 

Following a heat treatment at 225 °C in vacuum, the surface area of the samples has 

been determined according to the BET-method by N2 sorption at -196 °C using a 

Micromeritics ASAP 2010 instrument and found to be 355 m
2
/g for the H-ZSM-5 

and between 176 and 200 m
2
/g for the Al2O3 powder, respectively. 
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3.2. Flow reactor experiments 

The flow reactor was one of the most important instruments used in this thesis and 

was applied with different focus in papers I-IV. The general set-up of the flow 

reactor is shown in Figure 3.1. The reactor itself consisted of an 80 cm long, 

horizontally mounted quartz tube, heated by a heating coil. The monolith sample 

was placed at the end of the tube, and the temperature was controlled in the gas 

stream before the catalyst and measured inside one channel in the centre of the 

monolith. The feed gas was mixed by a computerized multicomponent gas mixer 

and analysed after the catalyst by a gas phase FTIR and a NOx detector. Water was 

introduced through a pressurized, heated capillary and removed after the reactor by 

a gas dryer, since the NOx detector is sensitive to water. In paper IV, methanol was 

introduced by a liquid delivery system with vapour control, consisting of a liquid 

flow controller, a mass flow controller for carrier gas and a temperature controlled 

mixing and evaporation device. 

The gas phase FTIR instrument is convenient for the analysis of gases in studies of 

the selective catalytic reduction of NOx. Briefly, molecules with a dipole (either 

permanent or induced by vibration) absorb infrared (IR) radiation. The absorption is 

dependent on the dipole in the molecule and at the same time proportional to the 

concentration of this molecule. Since each type of molecule absorb specific 

frequencies that are characteristic for their structure, the analysis of several gases in 

parallel is possible. The number of detectable species is in practice limited by the 

overlap of the absorption bands of the species. However, a computerized analysis of 

the spectra in the used gas phase FTIR instrument minimizes this problem. In paper 

I, the formation of traces of gases with concentrations of less than 10 ppm has been 

qualitatively followed in a complex gas mixture. The main drawback of the FTIR 

analysis in NOx reduction experiments is that N2 cannot be detected due to the 

absence of a dipole. The main advantage of the gas phase FTIR technique is the 

possibility to rapidly detect several different types of molecules at the same time 

 

 

Figure 3.1: Scheme of the principal setup of the flow reactor. 

Effluent gases 
Gas phase 

FTIR 
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during transients. The gas phase FTIR instrument was applied for the simultaneous 

detection of DME, methanol, formaldehyde, methane, CO, CO2, NO, NO2, N2O, 

NH3, HNCO and HCN. 

In paper III, the characteristics of the empty reactor and the reactions occurring in 

the presence of DME were evaluated. Several parameters of the occurring reactions 

were studied. The influence of the temperature was investigated in temperature 

ramps, both heating and cooling ramps at 10 °C/min. Moreover, different gas 

mixtures containing DME, O2 and NOx in varying concentrations were studied in 

the presence and absence of water. This experimental matrix generated a thorough 

knowledge of the composition of the gas mixture reaching the catalyst in the flow 

reactor during DME-SCR conditions. 

Papers II and III comprise parameter studies, in which the activity of zeolite 

catalysts for NOx reduction was determined as steady state points between 200 and 

500 °C in varying gas mixtures. Moreover, the impact of the counter ion on the 

activity for NOx reduction was studied in paper II. Steady state points were applied 

in these studies due to the high adsorption capacity of zeolites for hydrocarbons.  

In papers I and IV, temperature ramps have been applied to evaluate the activity of 

Al2O3-based catalysts. In these studies, temperature ramps have been preferred, 

since they allow for continuous monitoring of the conversion of gases versus 

temperature. In view of the occurrence of gas phase reactions with abrupt changes 

in the gas composition, it was essential to capture these phenomena in the 

temperature ramps. 

Finally, in paper I, step response experiments were carried out in the flow reactor, 

which were compared to similar experiments in the DRIFT reactor. In these 

experiments, NO and propene as reducing agent were sequentially added and 

removed from the gas mixture according to Table 3.1 and Figure 3.2 to study the 

catalyst performance and the gases formed under different gas mixtures and 

transient conditions. This type of experiments was performed for mechanistic 

studies. More experimental details for all the studies are given in the different 

papers. 
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step number gas mixture 

1 NO + O2 

2 DME or propene + NO + O2 

3 DME/propene + O2 

4 DME or propene + NO + O2 

5 NO + O2 

6 DME or propene + NO + O2 

Table 3.1: Gas mixture in the steps of the step response experiments. 

O2

NO

C3H6
Step 1 Step 2 Step 3 Step 4 Step 5 Step 6

O2

NO

C3H6
Step 1 Step 2 Step 3 Step 4 Step 5 Step 6  

Figure 3.2: Illustration of the gas mixtures in a step response experiment. 

3.3. Studies of surface species 

Surface species adsorbed on the catalyst were studied in papers I, V and VI by 

diffuse reflectance Fourier transformed infrared (DRIFT) spectroscopy and 

transmission FTIR spectroscopy. In contrast to the gas phase FTIR, the IR beam in 

the DRIFT cell is directed by several mirrors to the catalyst surface, where it is 

reflected, collected by other mirrors and analysed. In the transmission cell, the IR 

beam passes directly through a very thin disk of the catalyst sample. Surface species 

adsorbing on the catalyst surface cause IR absorption bands which can be assigned 

to specific species. One advantage of the applied DRIFT set-up is a very simple 

mounting of the sample. Moreover, the amount of the sample is large enough for 

catalytic conversion to be detected by a mass spectrometer. Finally, the used DRIFT 

cell is robust and allows for fast heating to 550 °C and cooling. Disadvantages of 

this cell are radial and horizontal temperature gradients in the sample volume and 

the inability to quantify the amount of adsorbed surface species. The DRIFT cell 

was applied in papers I and V. The most important advantage of the transmission 

cell in the context of this thesis is the exclusive heating of the sample for the study 

in paper VI. Drawbacks are the more laborious mounting and the delicate heating 

of the sample. Too high power in the heating causes thermal stress in the cell which 
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breaks the cell windows. On the other hand, when the heating power is restricted, 

the highest temperature which can be obtained is too low for the desired pre-

treatment to be performed. More details of the transmission cell will be discussed 

below. 

The gas composition from the DRIFT cell is analysed by a mass spectrometer. The 

advantage of the mass spectrometer compared to the used gas phase FTIR is the 

small probe volume, which allows measuring of fast changing gas compositions 

despite of the small flow rates applied. Moreover, the mass spectrometer itself 

allows for fast measurements. A major disadvantage of the mass spectrometer for 

DME-SCR applications is the difficulty in distinguishing between gas molecules 

and molecule fragments with the same mass. This fact complicates identification 

and quantification or makes it impossible. Molecular nitrogen (N2) and CO both 

contribute to the mass to charge ratio m/z = 28, and CO2 and N2O are both detected 

at m/z = 44, preventing their separate detection when no further instrument for gas 

analysis is available. Table 3.2 shows a selection of relevant species during DME-

SCR and the masses to which they contribute. Due to the lack of masses ascribed to 

only one gas, the mass spectrometer was only used for qualitative measurements. 

 

Mass Species 

15 CH4, CH3OH, DME 

16 O2, CH4 

17 H2O, NH3 

18 H2O 

28 N2, CO 

30 NO, NO2 

31 CH3OH, DME 

32 O2, CH3OH 

40 Ar 

44 CO2, N2O 

45 DME 

46 NO2, DME 

Table 3.2: Contribution of species relevant in DME-SCR to the masses in mass spectroscopy. 
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Figure 3.3: Schematic drawing of the home-made transmission cell. Top view and cross-section 

view. 

In paper VI the objective was to study the impact of the gas phase reactions 

induced by DME in the presence of O2 and NO on the catalyst activity. For this 

study, an experimental set-up was designed that allows controlling the occurrence 

of gas phase reactions independently of the catalyst temperature. Since these gas 

phase reactions occur only in a heated glass tube with sufficient residence time, 

such a tube was inserted into the metal tubing before the spectroscopy cell. 

However, in the DRIFT cell the sample is heated by a metal sample holder, which 

continues to oxidize the gases after they have reacted in gas phase reactions (see 

Chapter 4). This further oxidation excludes the use of the DRIFT cell from studies 

of the gas phase reactions. Instead, a home-made transmission cell was applied, 

whose set-up is illustrated in Figure 3.3. In this cell, the catalyst is placed on a 

woven wire steel mesh, which is heated by resistive heating. Since the mesh is 

coated by the catalyst sample, the oxidation of the species formed in the gas phase 

reaction on hot metal surfaces is minimized and, moreover, only the catalyst support 

is actively heated and not the gases. A major problem with the transmission cell is, 

however, that the sample acts as an IR source. This radiation increases with 

increasing temperature especially in the region of wavenumbers between 1000 and  
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Figure 3.4: Schematic drawing of the experimental set up used to independently control catalyst 

temperature and occurrence of gas phase reactions used in the experiments with the transmission 

cell. 

2000 cm
-1

.Therefore the IR radiation of the sample hinders collection of spectra in 

this region above 250 °C. Consequently a quartz glass filter was placed in front of 

the IR detector in all experiments conducted at 350 °C. To collect spectra in the 

wavenumber region from 1150 to 4000 cm
-1

 without the filter the cell was 

intermittently cooled to 250 °C in Ar. The experimental set-up with filter is 

schematically shown in Figure 3.4. 

Surface species have been studied in papers I, V and VI. In paper I, NO and 

propene were switched on and off in a step response experiment according to Table 

3.1, while the formation and consumption of surface species was monitored and 

correlated to gas species obtained in similar flow reactor experiments. The 

correlation of surface species to gas species observed in step response experiments 

is a powerful tool to investigate reaction mechanisms. 

Papers V and VI are closely connected to each other. Since very little is published 

on NOx reduction with DME, the temperature programmed desorption experiments 

in paper V served to gain insight in to this system. These types of experiments 

facilitate the allocation of absorption bands to surface species thanks to the limited 

number of possible species when only DME or NOx had been adsorbed on the 

sample. Moreover, the occurrence of gas phase reactions needs not be considered 
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with this set-up, since DME is adsorbed at 30 °C, where no reactions occur in the 

gas phase. 

Finally, in paper VI, the effect of the gas phase reactions on the selective catalytic 

reduction of NO with DME was studied. For this purpose, the experimental set-up 

needed to be adjusted considerably, as discussed before. The main advantages with 

the applied set-up are that the occurrence of the gas phase reactions can be 

controlled independently of the catalyst temperature and that the formation of 

surface species can be studied while gas phase reactions occurred before the catalyst 

sample. It had been desirable to correlate the surface species to species formed in 

the gas phase similar to paper I. However, in the flow reactor, the catalyst and the 

gases are heated by the same heating coil and therefore, the occurrence of gas phase 

reactions is implicitly coupled to the catalyst temperature. The step-response 

experiments, thus, cannot be performed under comparable conditions in the flow 

reactor preventing a correlation of surface species to results from the flow reactor. 

Moreover, the flow rates in the transmission cell are too small for transient 

behaviour to be measured in the gas phase FTIR cells available to us. Therefore, 

only the NOx conversion at 250 and 350 °C was determined in the presence and 

absence of gas phase reactions in steady state points. 
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4. Gas phase reactions during DME-SCR 

In the catalytic reduction of NOx with hydrocarbons, the reactants are regarded 

kinetically stable and reactions are expected to be limited in an empty flow reactor 

in lab scale at temperatures typical for HC-SCR. Therefore, tests with the empty 

reactor serve mainly to check reactor parameters as for example residence times and 

mixing characteristics. However, considerable amounts of DME react in the 

presence of oxygen in the empty reactor as shown in Figure 4.1. At the same time, 

CO, formic acid and formaldehyde are detected as main products, but only minor 

amounts of CO2. Another uncommon feature in the SCR context is that DME 

conversion reaches a local maximum at about 320 °C before decreasing again. This 

maximum in DME conversion results in maxima in the CO and formic acid yields 

at about the same temperature and does not depend on the absolute DME 

concentration for the two concentrations studied. Furthermore, the shapes of the 

concentration curves versus temperature are similar during heating and cooling 

ramps. In areas outside NOx reduction applications, these characteristics of DME  
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Figure 4.1: DME conversion through radical reactions between DME and O2 as a function of 

temperature in an empty quartz glass tube with two different DME concentrations, in a gas mixture 

of 8% O2 and 250 ppm DME (grey) or 1000 ppm DME (black) balanced in Ar. Both heating and 

cooling ramps at 10 °C/min are included. 
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mixtures are well known e.g. for the ignition of DME in an engine and similar 

oxidation curves have earlier been reported in the literature [70-72]. In these 

applications, the observed DME oxidation has been explained by radical reactions, 

typical for low-temperature ignition of hydrocarbons [70, 72-74]. According to 

these studies, the conversion of DME is initiated by a reaction where a DME 

molecule splits into an H3CO
•
 radical and a CH3

•
 radical (4.1). 

 H3C-O-CH3 → H3CO
•
 + CH3

•
  (4.1) 

In a following complex scheme of radical reactions, OH
•
 radicals are formed, which 

in turn initiate the oxidation of other DME molecules by abstraction of a hydrogen 

atom forming a methoxymethyl radical (H3C–O–CH2
•
) according to reaction 4.2 

[70, 73, 75]. 

 H3C-O-CH3 + OH
•
 → H3C-O-CH2

•
 + H2O  (4.2) 

These methoxymethyl radicals have been shown to react with O2 giving the peroxy 

radical H3C-O-CH2OO
•
 (reaction 4.3), which has been proposed to be an important 

intermediate in the oxidation of DME [74]. 

 H3C-O-CH2
•
 + O2 → H3C-O-CH2OO

•
  (4.3) 

Moreover, the formation of formaldehyde and formic acid as well as the existence 

of a local maximum in DME conversion has been described in a detailed model by 

Dagaut et al. [76] and has been discussed in paper III. 

In the presence of NO, the characteristics of the DME oxidation differ significantly 

from those discussed before. The addition of NO to the gas mixture of DME and O2 

inhibits the oxidation of DME below 300 °C, and enhances the oxidation above 

400 °C for all studied DME/NO ratios. Moreover, above 300 °C the conversion of 

DME sharply increases to over 70 % conversion in a temperature interval of less 

than 20 °C for DME/NO ratios of 2 and 4 as shown in Figure 4.2. At lower 

DME/NO ratios, the increase in the conversion of DME is shifted to higher 

temperatures and becomes less sharp. At the same temperature, where DME is 

converted, CO, formaldehyde and formic acid are formed. Simultaneously, NO is 

almost completely oxidized to NO2 at DME/NO ratios higher than 2. At lower 

DME/NO ratios, the oxidation of NO to NO2 is shifted to higher temperatures, is  
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Figure 4.2: DME conversion, NO and NO2 concentrations and yields of CO, formic acid and 

formaldehyde during gas phase reactions with DME, NO and O2 as function of temperature during 

a heating ramp with different DME concentrations, in a gas mixture of 500 ppm NO, 8% O2 and 

250 ppm DME (light grey), 500 ppm DME (darker grey), 1000 ppm DME (dark grey) or 2000 ppm 

DME (black) balanced in Ar. 

not complete within the studied temperature range, and increases not as sharply. 

Bearing in mind the equilibrium reaction of the direct oxidation of NO with O2 to 

NO2 (reaction 4.4), 
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 2 NO + O2 ↔ 2 NO2 (4.4) 

the formation of high amounts of NO2 is unexpected, since it is significantly higher 

than allowed by the thermodynamic restrictions of this reaction as illustrated in 

Figure 4.3. 

It is thus obvious that NO2 is formed through another pathway. In the literature it 

has been reported that NO2 may form by the reaction of the previously named 

peroxy-radical H3C-O-CH2OO
•
 and NO

•
, according to reaction 4.5 [76, 77]. 

 H3C-O-CH2OO
•
 + NO

•
 → CH3OCH2O

•
 + NO2

•
  (4.5) 

The formation of NO2 from the reaction of NO with a peroxy-radical seems to be 

more general since formation of high amounts of NO2 with propane and propene in 

an empty reactor above 500 °C has been explained by reaction 4.6 [78]. 

 NO
•
 + HO2

•
 ↔ NO2

•
 + OH

• 
(4.6) 

Besides these explanations from the literature, we speculate in paper III that the 

inhibition in DME oxidation in the presence of NO is due to recombination 

reactions between recently formed CH3
•
 or OCH3

•
 radicals and NOx (4.7 and 4.8). 

 CH3
•
 + NOx

•
 → CH3-NOx  (4.7) 

 OCH3
•
 + NOx

•
 → H2CO + HNOx  (4.8) 
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Figure 4.3: Equilibrium concentrations for the reaction of NO and O2 to NO2 for 500 ppm NOx and 

8 % O2 calculated not allowing formation of N2 with the HSC Chemistry software [79]. 
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More details of the gas phase radical reactions occurring in the empty glass tube 

have been discussed in paper III. However, the insight into the gas phase reaction, 

which has been provided, allows discussing and explaining the special 

characteristics of DME-SCR. 
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5. Catalysts for DME-SCR 

Catalysts that have been applied for DME-SCR in the literature can be divided into 

two groups: zeolite based catalysts, i.e. Cu-ZSM-5, Ag/ZSM-5 and Ag/mordenite, 

and Al2O3 based catalysts, i.e. Ag/Al2O3, V2O5/Al2O3, Ga2O3/Al2O3, Mo/Al2O3, 

Sn/Al2O3 and Co/Al2O3 as described in chapter 2.1 [21, 30, 36-38]. For the present 

thesis, H-ZSM-5 and γ-Al2O3 have been studied in greatest detail. The H-ZSM-5 

catalyst has also been ion-exchanged with several counter ions and the activity for 

NOx reduction has been determined. Parts of these results have been presented in 

paper II and will be discussed in chapter 5.1. The γ-Al2O3 catalyst has been 

compared to a Ag/Al2O3 catalyst, and a comparison with methanol has been 

conducted in papers IV and V and will be briefly discussed in chapter 5.2. 

5.1. Zeolite based catalysts for DME-SCR 

Acidic ZSM-5 (H-ZSM-5) samples have been studied for DME-SCR in papers II 

and III. Figure 5.1 shows that NOx is reduced in considerable amounts above 

300 °C and the activity for NOx reduction increases with temperature reaching 20 % 

at 500 °C in the absence of water. At these temperatures, where NOx reduction 

occurs, DME is oxidized and CO and CO2 are formed. Adding water to the system 

increases NOx reduction at 350 °C but decreases it above 400 °C as shown in Figure 

5.1. Moreover, DME conversion starts at lower temperatures due to DME 

conversion to methanol. Formaldehyde is a by-product during DME-SCR over H-

ZSM-5. Increasing the amount of reducing agent increases the NOx reduction 

reaching a maximum of 28 % NOx reduction at 450 °C for a DME/NO ratio of 4 

(1900 ppm DME, 475 ppm NO). The achieved NOx conversion is clearly lower than 

the best conversions reported in the literature. However, activity is generally lower 

over coated monolith catalysts than over powder catalysts with comparable space 

velocity due to less active material per volume in a monolith catalyst compared to a 

powder bed. Moreover, the presence of water decreases NOx conversion, which 

further complicates the comparison between some literature data and the results 

presented herein. 
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Figure 5.1: Conversion, yield and concentration of gases during DME-SCR of NO over H-ZSM-5 

as a function of temperature in the absence of water (□) and in the presence of 5 % water (filled 

symbols). Gas mixture: 1000 ppm NO, 8 % O2 and 1000 ppm DME (□), and 475 ppm NO, 7.6% 

O2, 5 % H2O and 475 ppm DME (■), 950 ppm DME (▼), 1425 ppm DME (▲) and 1900 ppm 

DME (●). 
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Another parameter that has been evaluated is the acidity of the H-ZSM-5 sample. 

Zeolites as ZSM-5 are highly structured materials made of silicon atoms 

tetrahedrally bound to four oxygen atoms. These silicon atoms may be replaced by 

aluminium atoms in the structure. Since the valence number of aluminium (three) is 

less than that of silicon (four) a negative charge is introduced into the structure, 

which needs to be compensated by a counter cat-ion. When protons act as cat-ions 

they form acidic sites. Thus, the total acidity (amount of acid sites) of the ZSM-5 

zeolite increases with the amount of aluminium atoms replacing silicon. In a series 

of ZSM-5 samples with silicon to aluminium molar ratios (Si/Al) of 1026, 476, 170, 

80 and 54, the sample with the Si/Al ratio of 80 was found to be most active for 

NOx reduction with DME. In previous studies it had been shown that the activity for 

NOx reduction increased with the acidity of γ-alumina and ZSM-5 catalysts [30, 80] 

and it has been suggested that the acidic sites are involved in NOx reduction [80] to 

explain this observation. However, since ZSM-5 is also used as cracking catalysts in 

the petroleum industry and in the methanol-to-olefin (MTO) process [81-83], 

ZSM-5 zeolites with very high acidity are prone to coking, suggesting a optimum in 

acidity for NOx reduction. Therefore, if not stated otherwise, all the experiments 

with ZSM-5 were carried out over the Si/Al = 80 sample. 

For Ag/Al2O3 in conventional HC-SCR it has been reported that reactions occur 

also in the gas phase, indicated by a drop in NOx reduction activity when an 

oxidation catalyst was placed directly behind the Ag/Al2O3 catalyst [84]. This 

behaviour has been explained by gas phase reactions occurring behind the catalyst  
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Figure 5.2: Influence of the geometry of the monolith, using one or two similar monoliths and 

adjusting the gas flow containing 500 ppm NO, 2000 ppm DME, 8 % O2 and 5 % H2O in Ar to a 

space velocity of 16 700 h
-1

. 
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[45, 84]. Since gas phase reactions are only rarely reported for NOx reducing 

conditions in general and gas phase reactions occur in DME-SCR, experiments 

were carried out to examine whether the geometry, i.e. the ratio of length to 

diameter of the catalyst at a constant space velocity has a significant influence also 

for the present system. Therefore, two similar H-ZSM-5 monoliths were placed with 

a gap of 2 cm between them in the flow reactor and the activity for NOx reduction 

was measured as a function of temperature shown in Figure 5.2. The same 

experiment was repeated with only one monolith and half of the gas flow to 

maintain a constant space velocity. As illustrated in Figure 5.2, the geometry of the 

monolith had no clear impact on the NOx conversion under the applied conditions. 

However, due to the lower space velocity compared to Figure 5.1, the maximum in 

NOx conversion is higher reaching 43 % and 38 % when using one or two 

monoliths, respectively. 

Masuda et al. tested silver-zeolite catalysts in real exhaust gas from a diesel engine 

and suggested that silver mordenite is suitable for NOx reduction with DME [36]. 

To verify these results, the H-ZSM-5 catalyst was partly ion-exchanged with silver. 

However, the activity for NOx reduction over the Ag/H-ZSM-5 catalyst showed a 

maximum in NOx conversion of 10 %, which is considerably lower than over the 

acidic H-ZSM-5 as shown in Figure 5.3. Another ZSM-5 sample containing both 

Ag and trace amounts of Na as counter ions, showed comparable activity for NOx 

conversion but the oxidizing activity is higher and the selectivity towards partially 

oxidized carbon containing products is lower as reported in more detail in paper II.  
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Figure 5.3: NOx conversion during DME-SCR of NO over Ag/H-ZSM-5 (▼), Ag/Na-ZSM-5 (▲) 

Na/H-ZSM-5 (■), K/H-ZSM-5 (●) and H-ZSM-5 (Ж) as a function of temperature. Gas mixture 

475 ppm DME, 475 ppm NO, 7.6 % O2 and 5 % H2O in Ar. 
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Sample atom ratio Ag/Al atom ratio Na/Al atom ratio K/Al 

H-ZSM-5 - - - 

Ag/H-ZSM-5 0.61 - - 

Ag/Na-ZSM-5 0.80 0 - 

Na/H-ZSM-5 - 0.43 - 

K/H-ZSM-5 - - 0.30 

Table 5.1: Ratios of counter cat-ions to aluminium atoms in the zeolite structure in the ZSM-5 

samples as determined by SEM-EDX. 

In that paper we concluded, that the Brønsted acidic sites of the acidic ZSM-5 are 

crucial for NOx reduction over ZSM-5 based catalysts. In later experiments Na/H-

ZSM-5 and K/H-ZSM-5 samples showed maxima in NOx conversion of 25 and 

13 %, respectively as shown in Figure 5.3. These results stress, that the poorer 

activity for NOx reduction of the silver containing ZSM-5 samples is not only 

caused by the lack of Brønsted acid sites. The type of counter ion is also of 

importance. As presented in Table 5.1, the potassium containing sample contains 

less ions other than H but is not the sample with the highest activity. However, the 

activity for NOx reduction is lower over all ion-exchanged samples compared to 

over the H-ZSM-5 catalyst. 

5.2. Activity for NOx reduction with DME over γ-alumina 

Catalyst samples based on γ-alumina are another type of samples examined for 

DME-SCR in this thesis and they have been applied in papers IV-VI. Figure 5.4a, 

taken from paper IV, shows the activity for NOx reduction over the γ-Al2O3 

catalyst. Conversion of NOx is observed between 300 and 550 °C with a maximum 

of 47 % at 380 °C. The selectivity towards N2 is presumed to be high, since only 

trace amounts of other N-containing species than NOx, such as N2O, are observed. 

Similar to the experiments over H-ZSM-5, NOx reduction starts at the same 

temperature as DME conversion, while NO2, CO2, CO, methanol, formic acid and 

formaldehyde are formed. Comparing NOx reduction over H-ZSM-5 in Figure 5.1 

with that over Al2O3 in Figure 5.4a stresses the similarities between the two 

catalysts. However, a detailed comparison is not possible, due to different amounts 

of NO in the two experiments in the absence of water, or, at identical NO and DME 

concentrations, water is present in the experiments over H-ZSM-5 (Figure 5.1) but 

not in the experiments over Al2O3 (Figure 5.4a). 
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Figure 5.4: Catalytic activity tests over a γ-Al2O3 catalyst as a temperature ramp from 550 to 

250 °C in a gas mixture of 1000 ppm DME (a) or 1000 ppm methanol (b), 500 ppm NO and 8 % 

O2 balanced in Ar. 

Methanol is formed in considerable amounts during DME-SCR over γ-Al2O3 as 

well as over H-ZSM-5 in the presence of water as shown in Figure 5.1 and Figure 

5.4, respectively. Methanol formation is expected, since DME is produced from 

methanol over Al2O3 catalysts as already discussed in chapter 1.1 [6, 85-87]. 

Methanol-SCR was carried out over Al2O3 to further examine the similarities 
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between DME and methanol as reducing agents and the results are presented in 

Figure 5.4b. With methanol as reducing agent, NOx was reduced between 300 and 

550 °C with high selectivity to N2, as indicated by the low formation of N2O. In the 

same temperature range CO2, CO and formaldehyde were detected, and, in contrast 

to DME-SCR, methane. Moreover, below 350 °C, up to 2/3 of the methanol was 

converted to DME. Despite the high DME concentration, no gas phase reactions are 

observed below 500 °C where the NO2/NO ratio is less than unity. Apparently, the 

retention time in the reactor after the catalyst is too short to allow for the ignition of 

gas phase reactions with the formed DME. Further, no gas phase reactions have 

been observed below 500 °C in empty reactor experiments with methanol (not 

shown). Conversion of NOx is considerably lower during NOx reduction with 

1000 ppm methanol than with 1000 ppm DME between 300 and 350 °C but similar 

above 400 °C over a γ-Al2O3 catalyst and similar between 250 and 500 °C over a 

Ag/Al2O3 catalyst. Moreover, the increase in NOx conversion above 300 °C is less 

steep with methanol than with DME over γ-Al2O3. In paper IV, it was therefore 

concluded that the activity for NOx reduction with DME could be explained by the 

activity for NOx reduction with methanol under conditions, when the gas phase 

reactions are not the crucial factor. The effect of the gas phase reactions on DME-

SCR will be discussed in more detail in chapter 5.3. 

5.3. Effect of the gas phase reactions and the catalyst  

on the reduction of NOx 

In Figure 5.5 and in paper III, the separate influence of the gas phase reactions and 

the catalyst on the gas conversion is investigated over γ-Al2O3 or H-ZSM-5 

catalysts, respectively. The reduction of NOx starts at the same temperature as the 

gas phase reactions, but a catalyst is needed for distinct reduction of NOx with high 

selectivity to N2, since the NOx conversion observed in the empty reactor was 

ascribed to the formation of nitric acid (HNO3). However, the amount of formed 

nitric acid could not be quantified with the used gas phase FTIR instrument due to 

deposition of nitric acid on the windows of the instrument. Other effects of the 

catalysts are the formation of CO2 under NOx reducing conditions and the formation 

of methanol at temperatures, where the catalysts are not active for NOx reduction. In 

the empty reactor, no methanol has been observed. Moreover, no acid, i.e. formic 

acid or nitric acid are detected in the presence of a catalyst, in contrast to  
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Figure 5.5: Comparison of gas composition between gas phase reactions (black line, heating ramp) 

and an Al2O3 catalyst (grey line, cooling ramp) as function of temperature in a gas mixture of 

1000 ppm DME, 500 ppm NO and 8 % O2 balanced in Ar. NOx conversion with catalyst shows 

high selectivity to N2, whereas without catalyst the selectivity is high to HNO3. 

experiments with the empty reactor. For CO and formaldehyde, the impact of the 

two catalysts is different. The Al2O3 catalyst decreases the formaldehyde 
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concentration but increases the CO concentration as illustrated in Figure 5.5, while 

the H-ZSM-5 catalyst increases the formaldehyde concentration and has virtually no 

impact on the CO concentration. 

As mentioned in the previous paragraph, the reduction of NOx occurs over both the 

H-ZSM-5 and the Al2O3 catalyst only at temperatures, where gas phase reactions 

occur. This indicates a major impact of the gas phase reactions on the catalyst 

activity for NOx reduction. In the flow reactor the catalyst and the gases are 

simultaneously heated by the same heating coil around the glass tube as illustrated 

in Figure 3.1, preventing a separate control of the catalyst temperature and the gas 

phase reactions. Therefore, an experimental set-up was assembled which allows for 

an independent control of the catalyst temperature and the occurrence of gas phase 

reactions as described in more detail in chapter 3.3 and illustrated in Figure 3.4. A 

limitation of this system for the analysis of the gas composition was the small gas 

flow of 50 ml/min through the transmission cell in connection with a gas cell of 

500 ml in the gas phase FTIR instrument, leading to long stabilisation times for the 

concentrations in the gas cell. However, the NOx conversion was measured in 

steady state conditions over the Al2O3 sample at 250 °C, which is well below the 

onset of the gas phase reactions in the flow reactor, and at 350 °C, where gas phase 

reactions take place in the flow reactor. Moreover, at 350 °C the activity for NOx 

reduction is high over the γ-Al2O3 catalyst in the flow reactor. 

At 250 °C, the activity for NOx reduction with DME over a γ-Al2O3 catalyst was 

found to be higher in the presence of gas phase reactions, in contrast to 350 °C 

where the NOx conversion is lower when gas phase reactions occur, as summarized 

in Table 5.2. In paper VI, the contradictory effect of the gas phase reactions for  

 

catalyst temperature 250 °C 350 °C 

NOx conversion in the absence of gas phase 

reactions 

19 %  58 %  

NOx conversion in the presence of gas phase 

reactions 

31 %  46 %  

Table 5.2: NOx conversion at a catalyst temperature of 250 °C and 350 °C, depending on the 

occurrence of gas phase reactions before the catalyst, in a gas mixture of 1000 ppm DME, 500 ppm 

NO and 8 % O2 in Ar. 
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NOx reduction activity was explained for 350 °C by a simplified view of the gas 

phase reactions as a partial oxidation of DME. At this catalyst temperature, NOx 

reduction decreases with decreasing DME concentration as shown in Figure 5.1. 

Thus, the consumption of DME in gas phase reactions results in diminished NOx 

reduction at a catalyst temperature of 350 °C. On the other hand, NOx conversion 

was shown to be higher with NO2 than with NO in synthetic exhaust gas mixtures 

over γ-Al2O3 catalysts [29, 31]. Apparently, the positive effect of the formation of 

NO2 in the gas phase reactions prevails at 250 °C. This view is also supported by 

transmission FTIR-data as will be discussed in chapter 6.2.  

The observed NOx conversions in the transmission cell (Table 5.2) are higher than 

those observed in the flow reactor (Figure 5.4) at 250 °C in the absence of gas phase 

reactions and at 350 °C in the presence of gas phase reactions. This difference may 

be explained by different reactor systems with different types of catalyst heating 

and different space velocities. 
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6. Mechanistic aspects of DME-SCR 

In order to develop catalysts for a specific application, the system needs to be well 

characterised. One of the parameters characterizing a system for the catalytic 

reduction of NOx is the reaction mechanism. As previously discussed in chapter 2.3, 

the reaction mechanism depends on the reducing agent and the catalyst. In the 

following, the reaction mechanism for DME-SCR over a γ-Al2O3 catalyst will be 

presented. Since the reaction mechanism cannot be studied directly, the 

accumulation and consumption of surface species was studied by FTIR. In paper V, 

a basic understanding of the processes was achieved through several temperature 

programmed desorption and reaction experiments in a diffuse reflectance Fourier 

transform infrared (DRIFT) spectroscopy cell at the same time as the gas 

composition was analysed by a mass spectrometer. These experiments facilitate 

assignment of the observed bands due to a limited number of involved species in the 

individual experiments as discussed in chapter 6.1. For convenient reading, the 

assignment of the bands with references to the literature is summarized in Table 6.1 

and not discussed in detail in the text. Based on this knowledge mechanistic aspects 

of DME-SCR over γ-Al2O3 are discussed in chapter 6.2 and will be compared to 

results obtained for propene-SCR over Ag/Al2O3 in chapter 6.3. Finally, a reaction 

mechanism for DME-SCR over γ-Al2O3 will be proposed in chapter 6.4. 

Wavenumber [cm
-1

] Surface species References 

3792 hydroxyl [88-90] 

3772 hydroxyl [88-90] 

3735 hydroxyl [88-90] 

3684 hydroxyl [88, 90] 

3200 methanol [40, 90] 

3031 methoxy [91] 

3001 formate [29, 63, 92] 

2960-2955 methoxy [90, 91] 

2946-2941 methoxy or methanol [90, 93] 

2928 DME [91], paper VI 

2909 formate [63, 92, 94] 

2881 methoxy [91] 



36 

Wavenumber [cm
-1

] Surface species References 

2851-2842 methoxy [40, 86, 90, 91] 

2821 methoxy or methanol [90, 93] 

2808 formaldehyde like  paper V 

2257 NCO [95] 

2234 NCO [95, 96] 

2167 CN [95, 97-99] 

1630-1570 nitrates and nitrites [34, 51, 63, 92, 99, 100] 

1595-1590 formate [63, 87, 92, 94, 99] 

1556-1549 nitrate  [34, 97, 99-101] 

1531 formohydroxamic acid 

(CHO-N(H)OH) 

[34, 102], paper V 

1474 methoxy [39, 90, 91] 

1460-1455 methoxy [39, 90, 91] 

1393 formate [44, 63, 87, 92, 94, 98, 99, 103] 

1377 formate [44, 63, 87, 92, 94, 98, 99, 103] 

1325 nitrite [29, 97, 104] 

1300-1304 nitrate [94, 97, 99, 100, 105, 106] 

1260 methoxy [91] 

1246 nitrate [97, 99, 100] 

1234 nitrite [29, 97] 

1192 methoxy [40, 86] 

1160 methoxy [91] 

Table 6.1: Assignment of IR bands to surface species adsorbed on γ-Al2O3 relevant for DME-SCR. 

6.1. Surface species during DME-SCR over γ-Al2O3 

Figure 6.1 shows the DRIFT spectra obtained during the temperature programmed 

desorption of DME in the presence of NO in the gas phase, which is part of the 

study of paper V. The lowermost spectrum was taken after adsorption of 1000 ppm 

DME at 30 °C for 30 min and flushing of the sample for further 30 min. The 

spectrum above was obtained after holding the sample at 50 °C for 15 min. The 

following spectra were recorded with increments of 50 °C from 50 to 500 °C. When 

adsorbing DME on the catalyst surface, bands in three different regions appear 

where region A covers 3850-3450 cm
-1

, region B 3100-2700 cm
-1

 and region C  
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Figure 6.1: Surface species during temperature programmed reaction of DME in the presence of 

NO over γ-Al2O3. 

1700-1100 cm
-1

. In Figure 6.1, the negative bands in region A can all be assigned to 

the disappearance of different OH groups due to either interactions or reaction with 

adsorbed species. The positive bands in regions B and C may be due to molecularly 

adsorbed DME (CH3-O-CH3), molecularly adsorbed methanol (CH3OH) or 

methoxy species (CH3O
-
). Differentiation between these species is difficult, since 

the similar structures cause bands at the same wavenumbers. However, only the 

OH-group of molecularly adsorbed methanol gives rise to a broad band around 

3200 cm
-1

 [40, 90], which is missing after the adsorption of DME. Therefore, the 

adsorption of significant amounts of molecularly adsorbed methanol can be 

excluded. Moreover, Chen et al. showed in a temperature programmed desorption 

of DME (DME-TPD) over Al2O3 bands shifting during the transformation of DME 

into methoxy groups between 200 and 250 K [91]. Based on these results, all 

positive bands in region B and C are assigned to different features of methoxy 

groups. 
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At 50 °C, in the presence of NO, a new peak appeared at 1234 cm
-1

, which can be 

assigned to nitrite species as referenced in Table 6.1. With further increasing 

temperature, the methoxy peaks diminished in region C, while in region B, the 

peaks assigned to the C-H vibrations of the methoxy group either decreased or 

shifted positions when raising the temperature from 30 to 150 °C. Between 100 and 

150 °C, a band is observed at 1531 cm
-1

, which in paper V was ascribed to 

 

 

Figure 6.2: Possible reaction scheme of the adsorption of DME on γ-Al2O3 and subsequent 

temperature programmed desorption in an Ar flow (black) or in a flow of 500 ppm NO in Ar (red).  
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formohydroxamic acid (CHO-N(H)OH). At 150 °C, another new band appeared in 

region B at 2808 cm
-1

, which in paper V was tentatively assigned to 

dioxymethylene species (O-CH2-O2
-
), a formaldehyde-like species. Other features 

became clearly visible at 200 °C in region C and B2. The features in region B2 at 

2249 and 2232 cm
-1

 can be assigned to isocyanates (NCO) and the bands around 

1597 and 1549 cm
-1

 in region C to unresolved vibrations of differently bound 

nitrates and possibly nitrites as summarized in Table 6.1. Moreover, the bands at 

1393 and 1377 cm
-1

 are due to different vibrations of formate species. These peaks 

reached a maximum at 400 °C and disappeared at 500 °C. Similar to the nitric oxide 

peak at 1234 cm
-1

, a peak at 1664 cm
-1

 is visible already at 30 °C during the 

temperature programmed reaction of DME (DME-TPR) in the presence of NO. The 

assignment of peaks at 1664 cm
-1

 is more ambiguous, as they may be due to the N-

O vibration of inorganic or organic nitrites [29, 66, 107, 108] or to a species 

containing a C-N double bound as e.g. nitrosoaldehyde dianion (HC(O)=NO
2-

) 

which is discussed as a precursor for NCO species [109-111]. From the abailable 

information, both an assignment to methylnitrites (CH3-ONO) and a 

nitrosoaldehyde dianion are possible. Based on these observations, a scheme of the 

reactions occurring during a DME-TPD or DME-TPR in the presence of NO has 

been proposed in paper V and is illustrated in Figure 6.2. 

6.2. Mechanistic considerations of DME-SCR over γ-Al2O3 

In Figure 6.3, the accumulation and consumption of surface species at 250 °C 

during a step response experiment with DME, NO and O2 are shown. When the γ-

Al2O3 sample is exposed to NO and O2 during the first step, nitrates and possibly 

nitrites are formed as referenced in Table 6.1. In step 2, DME was added to the gas 

mixture, which results in the formation of methoxy species (1474 cm
-1

), formate 

species (1377 cm
-1

) and a formaldehyde-like species (2804 cm
-1

). All these species 

have been previously discussed in the TPR with NO in Figure 6.1. In addition, more 

nitrates accumulate on the surface as indicated by the band at 1300 cm
-1

. The 

intense band around 1589 cm
-1

 likely comprises overlapping bands of formates, 

nitrates and possibly nitrites as summarized in Table 6.1. Reactions between 

carbon- and nitrogen-containing species are, moreover, indicated by the occurrence 

of NCO bands at 2257 and 2234 cm
-1

. These species were stable upon the removal 

of the NO from the reaction mixture in step 3 and upon re-addition of it in step 4. In 
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Figure 6.3: Step response experiment over γ-Al2O3 at 250 °C in the absence of gas phase reactions. 

1000 ppm DME and 500 ppm NO in 8 % O2 in Ar were sequentially added and removed from the 

gas mixture. 

step 5, when DME is removed from the gas mixture, the hydrocarbon bands in 

region A diminish as well as the formate band and the NCO bands. In contrast, a 

nitrate band at 1246 cm
-1

 grows. When DME is added again to the gas mixture in 

step 6, the identical absorption pattern reappeared as in steps 2 to 4. 

Qualitatively, a similar evolution of bands was observed for the step response 

experiments performed at 350 °C in the absence of gas phase reactions and at 

250 °C in the presence and absence of the gas phase reactions. Differences between 

these experiments can be observed in the DRIFT spectra of step 6 for the different 

reaction conditions employed as shown in Figure 6.4. Spectra a and b are recorded 

at 350 and 250 °C, respectively, in the presence of gas phase reactions. These 

spectra are characterised by minor bands in region A and some moderate bands in 

region B, which are indicative for formate species, methoxy species, nitrates and/or 

nitrites as referenced in Table 6.1. In the absence of gas phase reactions, all these 

bands are more pronounced as shown in spectra c and d. Moreover, the 

accumulation of isocyanate species is observed. These observations indicate that the  
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Figure 6.4: Surface species during DME-SCR on γ-Al2O3 at 350 °C (a,c) or 250 °C (b,d) and in the 

presence (a,b) or in the absence (c,d) of gas phase reactions. 

presence or absence of gas phase reactions is more important for the accumulation 

of surface species than the temperature in these experiments. The difference in the 

amount of hydrocarbon species on the surface has been explained in paper VI by 

the consumption of DME in the gas phase reactions, resulting in a lower amount of 

hydrocarbons available on the surface. This explanation, however, does not include 

the differences in NCO accumulation on the surface. 

For more insight into the system, the area of the NCO band is therefore plotted as a 

function of time for the step response experiments at 250 and 350 °C in the absence 

of gas phase reactions in Figure 6.5a. At 250 °C, NCO species were constantly 

observed during steps 2 to 6. The transient behaviour of the NCO species as a 

function of gas mixture will be discussed in chapter 6.3. Unexpected from the 

information of Figure 6.4 trace c, NCO species are not stable under reaction 

conditions at 350 °C as shown in Figure 6.5a. Apparently, the NCO species 
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accumulated when the catalyst was cooled from 350 to 250 °C. When the reaction 

gases subsequently met the catalyst at 350 °C, the accumulated NCO species were 

rapidly consumed. 

The observation of accumulated NCO species at  the beginning of steps 3 to 6 

indicates that NCO species indeed were formed at 350 °C but rapidly consumed 

preventing an accumulation. In contrast, at 250 °C, NCO species accumulate during 

SCR reaction conditions, i.e. DME, NO and O2 present, as shown in Figure 6.5a in 

step 2. This indicates that the formation of NCO species under SCR reaction 

conditions is faster than their consumption at 250 °C. According to the literature, 

this consumption is likely the hydrolysis of NCO with water forming ammonia 

and/or amines [32, 34, 112-114]. 

In the presence of gas phase reactions, no clear accumulation of NCO species has 

been detected at 250 °C. The lack of detection might be either explained by a 

different reaction mechanism in the presence of gas phase reactions, which does not 

include the formation of isocyanates; or the consumption of NCO species is 

accelerated hindering an accumulation on the catalyst surface and thus their 

detection. During the gas phase reactions, mainly NO2, CO and radicals are formed 

as discussed in chapter 4. This change in reducing agent, however, does not explain 

the absence of isocyanate species, since these species have been detected with a 

variety of carbon containing reducing agents [29, 34, 65, 111, 115]. However, it has 

been reported that the activity of Al2O3 for NOx reduction increases and shifts to 

lower temperatures when replacing NO by NO2 in the effluent stream [28, 29, 31]. 

In the context of the higher NOx reduction with NO2 than with NO it is interesting 

to note that deactivation has been reported caused by accumulation of NCO species 

in the absence of NOx and water while NO2 reacted more easily with these species 

[32]. In the study for paper VI, isocyanate species accumulate on the γ-Al2O3 

catalyst surface at 250 °C in the absence of gas phase reactions. Moreover, NOx 

conversion increases in the presence of gas phase reactions at 250 °C, when no clear 

bands of NCO species are observed (Figure 6.4). It is thus reasonable to assume, 

that the NO2 formed in the gas phase reactions accelerates the consumption of NCO 

species on the catalyst surface and thereby increases the NOx conversion at 250 °C. 

In contrast, at 350 °C, the reaction of NCO species is fast, but the oxidation of DME 

during the gas phase reactions consumes parts of the reducing agent, which limits 

NOx reduction. 
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6.3. Comparison of DME-SCR over γ-Al2O3 and propene-SCR over 

Ag/Al2O3 

Figure 6.5 is a comparison of the accumulation and consumption of isocyanate 

(NCO) and cyanide (CN) species on the catalyst surface during step response 

experiments for DME-SCR over γ-Al2O3 (a) taken from paper VI and propene-

SCR over Ag/Al2O3 (b) taken from paper I. In the same figure, the formation of 

isocyanic acid (HNCO), hydrogen cyanide (HCN) and ammonia (NH3) in the gas 

phase during propene-SCR conditions is presented (c). Cyanide species have not 

been observed for DME-SCR under any of the studied conditions. 

When discussing the formation and consumption of species as a function of the gas 

mixture and the preceding step, the sites on which the species adsorb also need to be 

taken into account. Cyanide species adsorbed on silver were reported to give rise to 

a band around 2130 cm
-1

 and CN species adsorbed on aluminum cause a band 

between 2165 and 2155 cm
-1

 [95]. Both of these species were observed in paper I 

and were added to the band area reported in Figure 6.5. Unfortunately, a separate 

treatment of the peak areas of these bands is hardly possible due to a major overlap. 

Isocyanate species adsorbed on silver results in a band at 2204 cm
-1

 and NCO 

species on aluminum absorb IR light around 2230 and 2255 cm
-1

 [95]. In paper I 

during propene-SCR, exclusively the NCO band at 2230 cm
-1

 was detected, 

indicating that the NCO was only adsorbed on aluminum. For the following 

discussion, it is therefore assumed that the reactions catalyzed by silver were not 

rate determining in the formation of NCO species and did not accelerate their 

consumption under the conditions studied. 

Moreover, it is important to note that the step response experiment for propene-SCR 

in paper I was carried out at 475 °C, which is significantly higher than the 

temperatures studied for DME-SCR in paper VI. In general, an increase of bands 

due to an accumulation of species on the surface is caused by a faster formation 

than consumption and, consequently, a decrease of bands indicates a more rapid 

consumption than formation. Excluding formation or consumption is rarely 

possible. 

In none of the experiments, NCO species were observed in step 1 since no 

hydrocarbon species were available on the catalyst surface. In step 2, DME or 
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Figure 6.5: Evolution of (a,b) NCO and (b) CN species and (c) HCN, HNCO and NH3 in the gas 

phase during step response experiments (a) with DME as reducing agent over γ-Al2O3 or (b,c) with 

propene over Ag/Al2O3. Gas mixtures: (a) 500 or (b,c) 1000 ppm NO, (a) 1000 ppm DME, (b) 

1000 ppm or (c) 500 ppm C3H6 and 8 % O2 balanced in Ar. Two experiments in (a) (green lines) 

were carried out without O2. 
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propene were added to the gas mixture. With DME, NCO species started to 

accumulate at 250 and at 350 °C in the absence of oxygen, but not at 350 °C in the 

presence of O2 as shown in Figure 6.5a. The formation and consumption of NCO 

species at 350 °C in the presence of O2 has already been discussed in chapter 6.3 

and is not covered in this chapter. No NCO species were observed during this step 

with propene. The different rates of accumulation at 250 °C in step 2 in the 

experiments with DME indicate a positive effect of O2. Moreover, the more rapid 

accumulation at 350 than at 250 °C in the absence of O2 indicates that higher 

temperatures also accelerate NCO formation. Given a rapid NCO formation in the 

presence of O2 at 350 °C, NCO consumption also needs to be fast in the presence of 

O2 at 350 °C, preventing NCO accumulation. Formation of HNCO and HCN in the 

gas phase as shown in Figure 6.5c indicates, moreover, that NCO and CN species 

were formed during propene-SCR conditions in step 2. The faster consumption of 

NCO species at 350 °C during DME-SCR conditions can explain that no NCO 

accumulated in step 2 during propene-SCR at 450 °C when assuming that silver is 

not directly involved in these reactions. 

When removing NO from the gas stream in step 3, NCO species accumulated with 

propene; but with DME, the NCO bands diminished. It is likely that some water, 

which hydrolyzes NCO species to NH3 [32, 34, 112-114], was formed under these 

conditions in all step response experiments performed. Since the amount of NCO 

species was stable after an initial decrease at 250 °C in the presence of O2, the 

expected formation of water may indicate that NCO species were continuously 

formed when only DME and O2 were present in the gas phase, presumably from 

adsorbed N-containing species. Continued formation of NCO species was also 

observed in the experiment with propene, where NCO species accumulated in step 

3. This accumulation is unexpected from the decrease of the NCO band in the 

absence of O2 with DME. It can, however, be explained by the faster NCO 

formation in the presence of O2 and the higher temperature, as discussed before. 

Moreover, the oxidation of propene and the formation of water decreased in the 

absence of NO as shown in paper I, explaining the slower consumption at this step. 

Returning to SCR conditions in step 4, NCO species accumulated on the surface 

with DME as reducing agent, while the absorption band of these species diminished 

with propene indicating that the consumption of NCO species was faster than their 

formation under these conditions. When removing the reducing agent from the feed 
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in step 5, the NCO bands initially increased followed by a considerable decrease in 

the presence of DME and O2 at 250 °C and in the absence of O2 at 350 °C. In 

contrast, after removing DME in the absence of O2 at 250 °C and after removing 

propene, the NCO species continued accumulating during the whole step 5. The 

increase of the NCO bands after removing propene was in paper I explained by a 

slower consumption of NCO species due to less water available on the catalyst 

surface. The following decrease of the NCO band after removing DME in the 

presence of O2 and at 350 °C in the absence of O2 may indicate either an exhaustion 

of the precursor or that the precursor was replaced by another precursor from which 

the reaction occurred less effectively. However, the hydrocarbon source for the 

formation of NCO was not completely exhausted during the 20 min this step lasted, 

even at 350 °C in the presence of O2, as indicated by a minor accumulation of NCO 

species in the beginning of step 6, as shown in Figure 6.5. Finally during SCR 

conditions, in step 6, no common trend for the NCO band was observed. In the 

experiment at 250 °C in the presence of O2, the NCO band increased again, similar 

to the other steps with SCR conditions (steps 2 and 4). During propene-SCR 

conditions, the bands of NCO species decreased sharply in the beginning of the step 

and leveled out towards the end, which was also similar to the other steps with SCR 

conditions. With DME in the absence of O2, the NCO band initially sharply 

increased followed by a modest decrease at 350 °C. Under the same conditions at 

250 °C, the band decreased monotonically. In contrast, the NCO band mainly 

increased during step 2, the other step with SCR conditions which followed a step 

without DME. This contradictory behavior may be explained by equilibrium 

reactions of the surface species, since the peak area reached approximately the same 

level at the end of steps 4 and 6. The different peak area at the end of step 2 was 

thus caused by a lack of time to reach these equilibrium conditions. 

The accumulation and consumption of CN species differed from that of the NCO 

species. No clear accumulation of CN species was observed before step 4 when 

returning to SCR conditions from a step with only propene and oxygen. The CN 

band increased sharply in the beginning of this step and then decreased toward the 

end. When removing propene from the gas mixture in step 5, the CN bands 

decreased after an initial increase. Finally, in step 6, the bands of the CN species 

decreased sharply in the beginning, leveling out towards the end. In contrast to the 

surface species, the similar detection of trace amounts of HCN in the gas phase in 

steps 2, 4 and 6 indicates high turnover frequencies for these species under SCR 
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conditions. Summarizing the conditions when CN species were formed, it is 

obvious that NO needed to be present in the gas phase. However, from these 

observations it cannot be concluded that CN is directly formed from gas phase 

species. Cyanide species could just as well be formed from short lived N-containing 

intermediates on the surface as concluded in paper I. Moreover, silver appears to be 

crucial for the formation of CN species, since no CN species where observed in the 

experiments on the γ-Al2O3 catalyst. 

Thanks to the different reaction conditions during the step-response experiments, it 

was concluded that the presence of O2 in the gas stream and an increase in 

temperature from 250 to 350 °C accelerates NCO formation. Moreover, CN species 

were only observed over Ag/Al2O3 catalysts, while NCO species were formed over 

both silver-free γ-Al2O3 and Ag/Al2O3. This supports the conclusion from paper I 

that CN is not the main precursor for NCO in our experiments. This conclusion, 

however, is not in accordance to a recent paper where details of the formation of 

NCO species from CN species adsorbed on silver particles were reported [58]. 

Consequently, at least two different pathways appear to exist for the formation of 

NCO species during HC-SCR, which may be of different importance for NCO 

formation over different catalysts and with different reducing agents. The reaction 

pathway, which appears to be most important in the experiments performed for this 

thesis, is supported by the reaction scheme presented in Figure 2.2. 

6.4. Reaction mechanism for DME-SCR over γ-Al2O3 

Adding all the information from the preceding chapters and those from papers I to 

VI allows proposing a detailed reaction mechanism for DME-SCR over γ-Al2O3 

and the processes occurring before the catalyst.  

At temperatures above about 300 °C, DME dissociates into a methoxy radical 

(H3CO
•
) and a methyl radical (CH3

•
) in the gas phase which react in the presence of 

O2 and NO in a complex network of reactions to CO, NO2, formaldehyde, formic 

acid and nitric acid as main products (paper II). Moreover, nitromethane (H3C-

NO2) and nitrosomethane (H3C-NO) are formed in the gas phase according to a 

detailed model [76]. A γ-Al2O3 catalyst was shown to be active for NOx reduction 

above about 300 °C reaching a maximum conversion of 47 % at 380 °C with high 

selectivity to N2 in a gas mixture of 1000 ppm DME, 500 ppm NO and 8 % O2 

balanced in Ar (paper IV). 
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On the catalyst surface, methoxy species, probably formaldehyde-like species 

(dioxymethylene, O-CH2-O2
-
) and formate species are formed on the surface during 

the adsorption of DME (paper V). In parallel, nitrites and nitrates are formed 

through the adsorption of NO and NO2 in the presence of O2. It is likely that some 

of these species react and form nitromethane (H3C-NO2). In the literature, aci-

nitromethane has been proposed as the first intermediate in the path from 

nitromethane to isocyanate over γ-Al2O3 [32, 111]. Formohydroxamic acid (CHO-

N(H)OH ) is another frequently discussed intermediate in the formation of NCO 

species from nitromethane during hydrocarbon SCR [32, 34, 104, 113, 116]. In 

paper V, we report the observation of a band which reasonably can be assigned to 

formohydroxamic acid, and NCO species have been observed in papers I, V and 

VI. Moreover, NCO species are reported to hydrolyse with water forming NH3 

and/or amine species [32, 34, 112-114, 116]. For ammonia-SCR, it has been 

proposed that HONO reacts with ammonia to ammonium nitrite, which 

subsequently decomposes to N2 and water over zeolite and Al2O3-based catalysts 

[67, 114]. 

The presence of gas phase reactions increases NOx conversion at 250 °C due to 

faster reactions between NCO species and NO2 formed in the gas phase reactions. 

At 350 °C, however, NOx conversion is decreased due to partial oxidation of DME 

in the gas phase reactions, which consumes the limiting reducing agent (paper IV). 
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7. Concluding remarks 

Dimethyl ether (DME) is one of the most energy effective and low CO2 emitting 

alternative fuels when produced from biomass gasification [3, 4]. Due to its high 

cetane number DME is an interesting fuel for the diesel process [3, 5]. Similar to 

other vehicles with combustion engines, vehicles running on DME will most likely 

need after-treatment technologies for a further reduction of NOx emissions to meet 

most stringent upcoming legislations. One attractive technique would be selective 

catalytic reduction with DME (DME-SCR) as reducing agent, which was in the 

focus in this thesis. 

It was shown that, dimethyl ether is a special reducing agent since it induces radical 

reactions in the gas phase before the catalyst in the presence of O2 and NO above 

300 °C. However, no clear reduction of NOx to N2 was observed during these gas 

phase reactions. 

Despite these conditions, good activity for NOx reduction and high selectivity to N2 

were achieved with DME over an H-ZSM-5 and a γ-Al2O3 catalyst. Diffuse 

reflectance infrared Fourier transform (DRIFT) and transmission FTIR 

spectroscopy experiments over γ-Al2O3 revealed the occurrence of methoxy, 

formate, nitrate, nitrate, NCO and likely formohydroxamic acid and formaldehyde-

like species on the catalyst surface under DME-SCR conditions. Since several of 

these species are also discussed for conventional HC-SCR over low loaded 

Ag/Al2O3, we suggest, that the reaction mechanism for DME-SCR over Al2O3 is 

similar to that proposed for hydrocarbons over Ag/Al2O3, except for the activation 

steps leading to the formation of formohydroxamic acid. 

Reduction of NOx starts during DME-SCR over γ-Al2O3 and H-ZSM-5 at the same 

temperature as the gas phase reactions indicating an important impact of the gas 

phase reactions on the NOx reduction. In experiments, where the occurrence of the 

gas phase reactions could be controlled independently of the catalyst temperature, it 

was shown that the formation of NO2 in the gas phase reactions boost the activity 

for NOx reduction over γ-Al2O3 at 250 °C probably due to a more efficient reaction 

between NO2 and NCO surface species. In contrast, at 350 °C a lower activity for 

NOx reduction was achieved in the presence than in the absence of the gas phase 
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reactions. This negative effect can be explained by a simplified view of the gas 

phase reactions as partial oxidation of DME decreasing the amount of the limiting 

reducing agent at 350 °C. 
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8. Outlook/Future work 

A number of questions have not been addressed in this thesis but might be of 

interest for future studies. 

 The activity for NOx reduction observed in this thesis needs to be increased 

before DME-SCR can be applied in a vehicle. This higher activity might be 

achieved by using alumina or ZSM-5 as a supporting material. For ZSM-5, 

impregnation instead of ion-exchange might result in higher activity since 

the acidic sites were shown to be beneficial for DME-SCR. With this 

background a comparison of the surface species over γ-Al2O3 and over H-

ZSM-5 might also be of interest. 

 An experimental set-up, where the occurrence of gas phase reactions can be 

controlled independently of the catalyst temperature, and which at the same 

time allows for the analysis of the gas composition by gas phase FTIR under 

transient conditions would be desirable for further studies. This can either be 

achieved by a gas phase FTIR cell with a smaller gas volume or a higher gas 

flow in the reactor.  

 The influence of water both on the activity over γ-Al2O3 and on the reaction 

mechanism would be interesting to study. In the literature it was reported, 

that the activity for NOx reduction with DME was similar in the presence and 

absence of water over a Ga2O3/Al2O3 catalyst. This was explained by the 

same amount of adsorbed DME [37]. It would be interesting to study this 

phenomenon by DRIFT. 

 During the study of the influence of the gas phase reactions on the surface 

species, the formation of NCO species was observed. When DME was 

removed from the gas mixture after a step with DME, NO and O2 present, 

the formation of NCO species continued during the 20 min of each step of 

the experiment. It could be interesting to extent step 5 with only NO and O2 

in the gas mixture and examine if NCO can be formed from formates over γ-

Al2O3. 
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 Due to the short hydrocarbon chain consisting of only one carbon atom, the 

DME- or methanol-SCR system should be suitable for DFT-calculations. 
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10. List of abbreviations 

DME dimethyl ether 

DRIFT diffuse reflectance Fourier transform infrared 

FTIR Fourier transform infrared 

HC hydrocarbon 

IR Infrared 

NOx nitrogen oxides (refers to NO and NO2) 

SCR selective catalytic reduction 

TPD temperature programmed desorption 

TPR temperature programmed reaction 
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