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Chapter 1: Introduction 

 

1.1.  Introduction to Catalysis 

Catalysis is a tremendously challenging and highly multidisciplinary field 

which can be defined as a “science of accelerating a chemical reaction for converting 

desired raw materials to desired products using a substance which participates in the 

reaction but is not consumed in the process.” The substance that speeds up the 

chemical reaction is termed as a catalyst which can be recovered and recycled and is 

of immense importance in the field of chemistry and biology. Catalysts have become 

so well known because of their wider applications that even a common man is using 

this terminology in day-to-day life for many other phenomenon of accelerating the 

process. One example is that of an automotive catalytic converter, which represents a 

very successful application of catalysis for the removal of pollutant gases from 

automobile exhausts. The word catalysis came from two Greek words, the prefix, cata 

meaning down, and the verb lysein meaning to split or break. A catalyst accelerates a 

chemical reaction. It does so by forming bonds with the reacting molecules, and by 

allowing these to react to a product, which detaches from the catalyst, and leaves it 

unaltered such that it is available for the next reaction. Catalysis is a widely occurring 

process in nature. For example, living matter relies on enzymes which catalyze 

numerous biological transformations and involve complex and large molecular weight 

structures that are evolved in nature over millions of years to carry out particular 

reactions very selectively. Man-made catalysts are relatively simple. Historically 

important examples are the production of H2SO4 using V2O5 and the production of 

ammonia using iron-based catalysts [1]. The ammonia synthesis process using iron 

catalyst is considered as one of the most important discovery of the century as it 

changed the whole scenario in agricultural production and contributed in major way to 

solve the global food production problem. Research on the mode of operation and the 

synthesis of catalysts, including an improved understanding of thermodynamics due to 

the pioneering works of Ostwald and Van’t Hoff, paved the way for a rational 

approach in developing more sophisticated and superior catalysts [2]. J. J. Berzelius 

defined a catalyst in 1836 as a compound, which increases the rate of a chemical 

reaction, but which is not consumed by the reaction. ‘Many bodies have the property 
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of exerting on other bodies an action which is very different from chemical affinity. By 

means of this action they produce decomposition in bodies and form new compounds 

into the composition of which they do not enter. This new power, hitherto unknown, is 

common both in organic and inorganic nature. I shall call it catalytic power. I shall 

also call catalysis the decomposition of bodies by this force’ [3]. This definition 

allows for the possibility that small amounts of the catalyst are lost in the reaction or 

that the catalytic activity is slowly lost. However, the catalyst affects only the rate of 

the reaction, it changes neither the thermodynamics of the reaction nor the 

equilibrium composition. Many years later in 1895 Ostwald came up with a definition 

“A catalyst is a substance that changes the rate of a chemical reaction without itself 

appearing into the products” according to which a catalyst could also slow down a 

reaction. Nowadays, the definition in use is “A catalyst is a substance which increases 

the rate at which a chemical reaction approaches equilibrium without becoming itself 

permanently involved.” The effect of the catalyst is purely kinetic; a catalyst offers an 

alternative path for the reaction which is energetically much more favorable than the 

uncatalyzed reaction (Figure 1.1). 

 

 

 

Figure 1.1 Effect of the catalysts on a thermodynamically favorable reaction 

 

The basic principle of all catalysts is that they lower the activation energy by 

offering an alternative reaction path [4]. A catalyst decreases the activation energy of 
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a reaction (ΔG≠ is lowered), thereby increasing the rate of the reaction, but has no 

effect on the chemical equilibrium of the reaction (ΔG remains the same). The action 

of a catalyst can be very specific, which under ideal conditions, results in selective 

formation of the desired product and avoids side reactions. Further advantages of the 

use of catalytic reagents are reduced time and energy requirements, which results in 

an overall process with increased environmental sustainability. A catalyst can be 

poisoned when another compound binds to it irreversibly or chemically alters it. This 

effectively destroys the usefulness of the catalyst. Catalysis plays a key role in 

production of such a wide variety of products, having applications in food, clothing, 

drugs, plastics, agrochemicals, detergents, fuels etc. [5]. In addition to these, it plays 

an ever-expanding role in the balance of ecology and environment by providing 

cleaner alternative routes for stoichiometric technologies [6], by conversion of 

polluting emissions to harmless streams. Thus the importance of catalysis to society is 

obviously based on its great economic impact in the production of broad range of 

commodity products that improve our standard of living and quality of life. Usually, 

catalysts are categorized depending on the physical form in which they are used. 

There are mainly three types of catalysis processes: biocatalysis, homogeneous 

catalysis, and heterogeneous catalysis. In biocatalysis the catalyst is a biologically 

active molecule like enzyme. Enzymes are protein molecules, the structure of which 

results in a very shape-specific active site. Having shapes that are optimally suited to 

guide the reactant molecules in the optimum configuration for reaction, enzymes are 

highly specific and efficient catalysts. For example, the enzyme catalase catalyzes the 

decomposition of hydrogen peroxide into water and oxygen at an incredibly high rate 

of up to 107 hydrogen peroxide molecules per second [7]. 

 

22222 OOHOH Catalase    

  

 In homogeneous catalysis, the catalyst and the reactants are in the same phase. 

Example of homogenous catalysis is the catalytic carbonylation of methanol to acetic 

acid by [Rh(CO)2I2]
- complexes in solution [8]. 

 

COOHCHCOOHCH 33   
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In heterogeneous catalysis, the reactants, products and the catalysts are in 

different phases. The solids catalyze reactions of molecules in gas or solution. 

Commonly, the catalyst is a porous high surface area material supporting an active 

metal. These reactions usually occur at the surface of the catalyst. In heterogeneous 

processes, the catalytic sites are part of an insoluble inorganic solid or are distributed 

on the surface of an insoluble support like silica, alumina or carbon. To use the often-

expensive materials (e.g. platinum, rhodium etc) in an economical way, catalysts are 

usually nanometer-sized particles supported on an inert, porous structure. Example of 

heterogeneous catalysis is the selective oxidation of ethylene to ethylene epoxide, an 

important intermediate towards ethylene glycol (antifreeze) and various polyethers 

and polyurethanes. The catalyst used is silver promoted by small amounts of chlorine, 

exhibiting a selectivity of 90% with about 10% of ethylene ending up as CO2 [9]. 

Heterogeneous catalysts are considered to be the workhorses of the chemical and 

petrochemical industry. One of the advantages of heterogeneous catalysis is the easy 

separation of the catalyst from the reaction mixture. This allows easy purification of 

the product and facile reuse of the catalytic material. Hence, most of the industrial 

catalysts are heterogeneous in nature. It is estimated that 85-90% of all chemical 

processes are run catalytically, with a ratio of applications of heterogeneous to 

homogeneous catalysis of approximately 3:1 [10]. 

“Environmental catalysis” an upcoming sub-branch of catalysis has been 

recently defined as “the development of catalysts to either decompose environmentally 

unacceptable compounds or provide alternative catalytic syntheses of important 

compounds without formation of environmentally unacceptable by-products.” 

Environmental catalysis encompasses the study of catalysts and catalytic reactions 

that impact the environment and provides an effective solution for the removal of 

various types of pollutants. The removal of NOx, CO and unburnt hydrocarbons from 

the exhaust of gasoline internal combustion engines is one of the finest examples of 

application of environmental catalysis. The development of three-way catalysts 

(TWCs), which is being used over the past four decades and its success in the 

effective abatement of the above mentioned pollutants from the exhausts of gasoline 

engine is an example of remarkable achievement in the field of environmental 

catalysis. However, the present three way catalytic converter is not effective in 

removal of NOx from automobile engine exhausts such as diesel engine or gasoline 

engine operating under lean burn condition (higher air: fuel ratio), which are 
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becoming more popular because of their higher fuel efficiency. The following sections 

give the details of the background and present status of the research and development 

work being carried out on NOx abatement catalysis. 

 

1.2.  Origin and types of nitrogen oxides (NOx) 

 Nitrogen oxides (NOx) are simple molecules that are naturally present in the 

atmosphere. NOx is a collective term used when referring to nitrogen oxides. Several 

nitrogen oxides exist and Table 1.1 lists these compounds with their general 

properties. 

 

Table 1.1 Oxides of nitrogen (NOx) 

Name Properties 

Nitric oxide, NO Colorless, odorless gas 

Nitrogen dioxide, NO2 Pungent, non-flammable, reddish brown gas 

Nitrous oxide, N2O Colorless, slightly sweet odor 

Nitrogen trioxide, N2O3 Unstable at room temperature 

Nitrogen pentoxide, N2O5 Colorless solid 

 

The natural sources of these oxides include nitrogen fixation by lightening, 

volcanic activity and microbial activity. The main oxides of nitrogen present in the 

atmosphere are nitric oxide (NO), nitrogen dioxide (NO2) and nitrous oxide (N2O). 

Nitrous oxide occurs in much smaller quantities than the other two, but it is a 

powerful greenhouse gas and exhibits a higher global warming power (300 times 

more) than CO2. For a long time there was little concern about these nitrogen oxides. 

However, the levels of NOx have now increased to an extent that they have become an 

extremely important family of air pollutants. The increase in NOx emissions is mainly 

due to the significant rise in anthropogenic (human) activities. These are mainly 

formed due to the combustion of fossil fuels such as coal and petroleum in power 

plants and many industrial sites where thermal energy is produced, and also from the 

use of gasoline and diesel in automobiles [11].  

At ambient temperatures, oxygen and nitrogen do not react with each other to 

form NO because the reaction has an extremely high activation energy. 

 

NOON 222    molKJH o /6.180   (1) 
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However, in an internal combustion engine, because of the high temperature 

the reaction between nitrogen and oxygen from air to yield nitrogen oxides is 

thermodynamically favored. Once formed, a part of NO reacts with air to form NO2. 

 

222
1 NOONO    molKJH o /113   (2) 

 

NOx emitted from engine exhaust typically consists of a mixture of 95% NO 

and 5% NO2 [12]. There are three mechanisms of NOx formation during the 

combustion process – thermal, fuel and prompt NOx [13]. 

 

(a) Thermal NOx 

Formed by fixation of atmospheric nitrogen and its formation is 

thermodynamically favored by high flame temperature and atomic oxygen 

concentration [reaction (1)]. The formation of thermal NOx occurs at 1300 K and 

takes place according to the mechanism established by Zeldovich [13] involving N˙ 

and O˙ radicals:  

 

  NNOON2      (3) 

  ONOON 2      (4) 

 

The rate of NO formation is essentially controlled by reaction (3) and 

increases exponentially with temperature. The Zeldovich mechanism dominates NO 

formation under most engine conditions [14]. The formation of thermal NOx in an 

engine can be controlled by lowering the combustion temperature by operating the 

engine under excess air (fuel-lean) conditions but most of these approaches are not 

very effective [14]. 

 

(b) Fuel NOx 

Formed by oxidation of organic nitrogen (eg. pyridine, quinoline and amine 

type compounds) present in fuels such as coal and heavy oils. During the combustion 

process these nitrogen containing organics decompose into compounds such as HCN, 

NH3 or free radicals such as NH˙ and CN˙. All of these compounds ultimately form 
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NOx [15]. In contrast to thermal NOx, fuel NOx formation is relatively independent of 

temperature at normal combustion temperatures and is insensitive to the nature of the 

organic nitrogen compound [14]. The amount of fuel NOx formed depends on the 

amount of nitrogen-containing compounds in the original fuel. For example, fuel oil 

contains 0.1% to 0.5% nitrogen while coal could contain up to 1.6% nitrogen. 

Nowadays, fuel NOx formation is less significant because the nitrogen content in 

gasoline and diesel has fallen significantly over the last 10 years. Fuel NOx 

concentration can be limited by decreasing the concentration of bound nitrogen in the 

fuel or by operating the burner in fuel-rich condition. 

 

(c) Prompt NOx 

Formed by the reaction of hydrocarbon fragments with nitrogen radicals to 

form intermediates such as HCN and H2CN. These intermediates can be further 

oxidized to NO in the lean zone of the flame. NO can further react with oxygen to 

form NO2 or N2O. 

 

222
1 NOONO    molKJH o /113   (2) 

22
1

22 OONNO   molKJH o /99   (5) 

 

Prompt NOx formation is proportional to the number of carbon atoms present 

per unit volume and is independent of the nature of the parent hydrocarbon. The 

quantity of HCN formed increases with the concentration of hydrocarbon radicals. 

Prompt NOx can be formed in a significant quantity at low-temperature, fuel-rich 

conditions and where residence times are short. Prompt NOx can be reduced by 

operating at lower temperatures and highly oxidizing combustion conditions.  

 

1.3.  Effects of NOx on public health and environment 

Nitrogen oxides emitted in atmosphere are considered to be a serious health 

hazard for humans and are known to have severe negative effect on the environment. 

Sustained levels of NO exposure cause detrimental effect on both physiological and 

pathological processes in humans. NO exposure over a period of time results in direct 

tissue toxicity and contribute to the vascular collapse associated with septic shock, 

whereas chronic expression of NO is associated with various carcinomas and 
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inflammatory conditions including juvenile diabetes, multiple sclerosis, arthritis and 

ulcerative colitis [16]. In significant concentrations, nitrogen dioxide is highly toxic 

causing severe lung damage with a delayed effect. NO2 can severely irritate the 

mucous membrane. When in contact with body moisture, nitrous and nitric acids are 

formed and attack the walls of the alveoli in the lungs leading to respiratory problems. 

NO2 can react with haemoglobin by forming meta- haemoglobin that causes several 

pathologies in children. Other health effects of too high NO2 concentration in the air 

include shortness of breath and chest pains. Nitrogen oxides play an important role in 

the photochemistry of the troposphre and the stratosphre. Nitric oxide is easily 

oxidised to NO2 by ozone or hydroperoxide radicals (HOO˙). 

 

223 ONOONO       (6) 

  OHNOHOONO 2     (7) 

 

NO2 can then react with hydroxy radicals to form nitric acid thus contributing to 

acidification [17]. 

 

32 HNOOHNO        (8) 

 

NOx and volatile organic compounds react photochemically in the lower 

atmosphere to produce peroxyacetyl nitrate (PAN), peroxybenzoyl nitrate (PBN), and 

other trace oxidizing agents eventually leading to the formation of smog. For all these 

reasons, in the last few decades, the emission of NOx in the atmosphere has been 

regulated in most of the countries worldwide by restrictive legislations.  

 

1.4.  Emission Legislation Norms 

In view of the noxious effects of NOx on human health and environment, 

emission legislation norms were introduced. The Kyoto Protocol is an international 

agreement linked to the United Nations Framework Convention on Climate Change. 

The major feature of the Kyoto Protocol is that it sets binding targets for 37 

industrialized countries and the European community for reducing greenhouse gas 

(GHG) emissions. Recognizing that developed countries are principally responsible 

for the high levels of GHG emissions in the atmosphere as a result of more than 150 
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years of industrial activity, the Protocol places a heavier burden on developed nations 

for the reduction of GHG emissions [18]. In November 1999, another protocol, “The 

Gothenburg Protocol” was adapted to Abate Acidification, Eutrophication and 

Ground-level Ozone. The Protocol sets emission limitations for 2010 for four 

pollutants: sulphur, NOx, VOCs and ammonia.  It has been estimated that once the 

Protocol is implemented, Europe’s sulphur emissions should be cut by at least 63%, 

NOx emissions by 41%, VOC emissions by 40% and ammonia emissions by 17% 

compared to 1990. The Protocol also sets tight limit values for specific emission 

sources (e.g. combustion plant, electricity production, dry cleaning, cars and lorries) 

and requires best available techniques to be used to keep emissions down [19].   

Emission regulations in Europe were formulated by the United Nations 

Economic Commission for Europe (UN-ECE). The European Union has been 

upgrading emission norms at an interval of 4-5 years. They have progressively 

tightened their emission norms from pre-Euro stages in the eighties to Euro III 

standards which are in place since the year 2000. European Union took up Euro IV 

norms in the year 2005 and the latest that have been implemented are the Euro V 

norms since September 2009. Based on European norms, India has adopted Bharat 

Stage Norms since the year 2000. Table 1.2 shows the emission standards for 

European countries whereas Table 1.3 and 1.4 show Bharat Stage norms for different 

kind of vehicles.  

 

Table 1.2 European Emission Norms and the year of implementation  

Emission 

standard 

CO (g/km) HC (g/km) NOx (g/km) PM (g/km)a 

 Petrol Diesel Petrol Diesel Petrol Diesel Petrol Diesel 

Euro II (1996) 0.5 0.7/0.9 - - -  - 0.08-0.1 

Euro III (2000) - 0.56 0.2 - 0.15 0.5 - 0.05 

Euro IV (2005) - 0.3 0.1 - 0.08 0.25 - 0.025 

Euro V (2009) - - 0.05 0.05 0.08 0.08 0.0025 0.0025 

a Particulate matter 
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Table 1.3 Emission norms for 2 and 3 wheelers in India [20] 

Vehicle Pollutants  Year 2005 From 2008 but not 

later than 2010 

  Bharat stage II (eq. 

Euro II) (g/km) 

Bharat stage III (eq. 

Euro III) (g/km) 

2-wheelers CO 1.50 1.0 

 HC + NOx 1.50 1.0 

3-wheelers (Petrol) CO 2.25 1.25 

 HC + NOx 2.20 1.25 

3-wheelers (Diesel) CO 1.00 0.50 

 HC + NOx 0.85 0.50 

 PM 0.10 0.50 

 

Table 1.4 Emission norms for 4 wheelers in India [20] 

Vehicle Pollutants  Year 2005 From 2010a From 2010b 

  Bharat stage II 

(eq. Euro II) 

(g/km) 

Bharat stage III 

(eq. Euro III) 

(g/km)  

Bharat stage IV 

(eq. Euro IV) 

(g/km) 

Cars (Petrol) CO 2.2 2.3 1.0 

 HC + NOx 0.5 0.35 0.18 

 PM - - - 

Cars (Diesel) CO 1.0 0.64 0.50 

 HC + NOx 0.7 0.56 0.30 

 PM 0.08 0.50 0.025 

a Applicable in the Metros and major cities since April 2005. 
b To be applicable in the Metros from April 2010 and applicable in Europe since 2005.  

  

1.5.  Emission Control Strategies 

There are several techniques developed to control NOx emissions. These can 

be classified in three categories: pre-combustion control techniques, combustion 

control techniques and post-combustion control techniques [13, 21, 22]. Pre-

combustion control techniques involve removing nitrogen, which is organically bound 

in the fuel, through a hydrotreating process [23]. Combustion control technique is a 

primary treatment method for controlling NOx emissions. In this method, efforts are 
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made to minimize the level of NOx formed during the combustion process. 

Combustion control techniques involve modifying the combustion process and/or 

equipment to inhibit the formation of NOx and this is usually achieved by lowering the 

combustion temperature (below 1573 K) to minimize the NOx formation through 

atmospheric nitrogen fixation [13, 21]. As mentioned above, lower temperatures of 

flame limit the thermal NOx formation. Injection of steam or water into the 

combustion chamber, flue-gas recirculation, low NOx burners, use of low nitrogen 

fuels and catalytic combustion approaches are used in this method resulting in 

reduction of NOx emissions. Precombustion procedures are not very expensive, but a 

drawback of these techniques is sometimes they enhance N2O formation [24]. The 

main disadvantage of these methods is the low NOx conversion (<50%) compared to 

post-combustion techniques (100%) [21, 23, 25]. On the other hand, post-combustion 

control techniques involve injection of chemicals in specific temperature windows, in 

presence or absence of catalysts, to convert NOx to N2. Post-combustion methods are 

secondary measures for the treatment of the flue gas already containing NOx. 

According to the environment in which they are applied secondary methods for NOx 

control can be separated in wet and dry methods. The wet methods or chemical 

scrubbing are chemical oxidation/absorption processes that are applied to small NOx 

sources and have disadvantages such as high cost and waste generation in the form of 

dissolved nitrates and nitrites [21, 26]. The dry methods include catalytic and non-

catalytic process. An example of non-catalytic methods is the selective non-catalytic 

reduction (SNCR), developed by Exxon [27]. It is a homogenous gas phase reduction 

process in which NOx is selectively reduced by NH3 to N2. This process requires low 

capital investment however its operational temperature window (1123-1323 K) is very 

narrow and difficult to operate in larger facilities [13, 21, 22]. In comparison to the 

non-catalytic solutions, catalytic methods offer lower operating temperatures and are 

the primary method to control gas emissions.  

 

1.6.  NOx emission and its control from automobile engines 

The introduction of automobiles in the market offered unlimited flexibility and 

mobility to the general public. In the last 70 years the world vehicle fleet has 

increased from about 40 million vehicles to over 700 million; this figure is projected 

to increase to 920 million by the year 2010 [28]. However the use of automobiles has 

resulted in increased emission of various air pollutants like NOx, CO and unburnt 
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hydrocarbons (HCs). The negative impact of these pollutants on the environment and 

health is well documented [29] and therefore air pollution generated from mobile 

sources is a problem of general interest. In general, the emissions from automobile 

engines depend on air/fuel ratio [30]. Air-fuel ratio (AFR) is the mass ratio of air to 

fuel present during combustion. When all the available oxygen is used to burn the fuel 

and all the fuel is burnt completely within a vehicle's combustion chamber, the 

mixture is chemically balanced and this AFR is called the stoichiometric mixture 

(Figure 1.2). For gasoline fuel, the stoichiometric air/fuel mixture is approximately 

14.7 times the mass of air to fuel. Any mixture less than 14.7 is considered to be a rich 

mixture, any more than 14.7 is a lean mixture. When the engine is operated rich of 

stoichiometric, the CO and HC emissions are highest while the NOx emissions are 

lowest. This is because complete burning of gasoline is prevented by the deficiency in 

O2. The level of NOx is reduced because the adiabatic flame temperature is reduced.  

 

 

 

Figure 1.2 Engine emissions as a function of air-to-fuel ratio 

 

Tuning of the engine to lean feed, the CO and HC are reduced because nearly 

complete combustion takes place. Again, the NOx is reduced because the operating 

temperature is decreased. Just lean of stoichiometric operation, the NOx is at 

maximum, since the adiabatic flame temperature is highest. At stoichiometric, 
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adiabatic flame temperature is lowered because of the heat of vaporization of the 

liquid fuel gasoline. Within the region of operation of the spark-ignited engine, a 

significant amount of NOx, CO and HCs are emitted in the atmosphere. As discussed 

in section 1.3 NOx and HCs undergo photochemical reactions in sunlight leading to 

the formation of smog and ozone whereas CO is a direct poison to humans. 

The need to control these emissions was recognized as early as 1909 [31]. 

Emission controlling legislative norms was accordingly introduced in the U.S. in 1970 

(Clean Air Act), in Europe (European Emission norms in 1992), in Japan and in India 

(Bharat Stage Norms) and these have become more stringent over the years. The 

problem of the emission of these pollutants from the exhaust gases of stoichiometric 

gasoline engines has been solved using the “three-way catalyst” (TWCs), which 

simultaneously convert NOx, CO and HCs into N2, CO2 and H2O. These perform three 

functions at a time and hence the name. The three-way catalysts are based on the 

platinum group metal (Pt, Pd and Rh) supported on high surface area γ-Al2O3 

washcoated on a ceramic or metallic honeycomb. The γ-Al2O3 is sometimes stabilized 

with La2O3 or BaO. The reactions that take place on the TWCs are summarized in 

Table 1.5 [32]. Due to the higher price of Pt as compared to Pd, the former has been 

substituted by Pd and a Pd/Rh catalyst and been used for commercial automotive 

applications [33, 34]. Due to the increasing fuel cost and better fuel economy, lean-

burn engines have become the main options for vehicles. Diesel engine and lean burn 

gasoline fuelled cars operate in large excess of oxygen, thus resulting in decreased 

fuel consumption. 

 

Table 1.5 Reactions occurring on the automotive exhaust catalysts 

Process Reaction 

Oxidation 2CO + O2 → 2CO2 

 HC + O2 → CO2 + H2O
a 

Reduction/three-way 2CO + 2NO → 2CO2 + N2 

 HC + NO → CO2 + H2O + N2
a 

 2H2 + 2NO → 2H2O + N2 

WGS CO + H2O → CO2 + H2 

Steam reforming HC + H2O → CO2 + H2
a 

a Unbalanced reaction. 
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The higher fuel efficiency of diesel engines as compared to spark-ignited 

engine can be explained on the basis of working of these engines. In spark-ignited 

engine, air and fuel are mixed before introduction in the cylinder. The air to fuel 

mixture is kept constant and the mixture is chosen to be stoichiometric, i.e., about 14.6 

on an air-to-fuel weight basis [35]. A commonly used measure for the air-to-fuel ratio 

is the parameter λ, which is defined as the ratio of available air to air required for 

complete combustion. In the case of stoichiometric mixture, λ equals unity. The air-

fuel mixture is compressed in the cylinder and ignited by a spark plug. The maximum 

compression ratio in spark-ignited engine is maintained at about 10 so as to avoid self-

ignition of the gasoline-air mixture. In diesel engines, only the air is compressed. Just 

before the piston reaches its upper position, diesel is sprayed into the compressed air. 

The amount of fuel injected depends on the engine load. Since the amount of air in the 

cylinder is constant, λ varies much more than in spark-ignited engines, between 1.1 

and 6. In diesel engines, ignition is not induced by a spark; compression of air in the 

cylinder results in a sharp temperature increase, causing self-ignition of the fuel. 

Therefore, the maximum cylinder pressure is not determined by the fuel properties but 

by material constraints, and a higher compression ratio can be used. The higher 

compression ratio, higher air-to-fuel ratio and the lack of “pumping losses” which 

occur in spark-ignited engines make diesel engines more fuel efficient than the spark-

ignited engines. The optimum use of the fuel consequently results in lower emission 

of CO2, CO and HCs. Unfortunately the TWCs which so effectively remove NOx, CO 

and HCs from spark-ignited engines are ineffective for the removal of NOx from the 

exhausts of lean-burn engines. The presence of large excess of oxygen entails that the 

concentration of CO and NOx [2] is lower and therefore the reaction between CO and 

NOx (see Table 1.5), essential in the three-way catalysis process, does not take place 

to the required extent. Thus, the removal of NOx from the exhaust of lean-burn 

engines is a major challenge in environmental catalysis and lot of efforts have been 

taken in the last few decades both academically and industrially to develop lean NOx 

technology. The following section discusses the various lean NOx technologies used 

for the abatement of NOx with a special emphasis on hydrocarbon selective catalytic 

reduction of NOx. 
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1.7.  Lean-NOx control technologies 

Along with the concern in the pollutants of NOx, CO and HC, the care about 

the emission of CO2 is also increasing. Lean burn engines, which emit less CO2 as 

compared to their stoichiometric spark ignited gasoline counterparts, are becoming 

more popular. However, the three way catalysts are not capable of reducing NOx from 

the exhaust of such engines. Therefore worldwide efforts have been taken to develop 

suitable catalysts for the reduction of NOx under lean conditions. In the following 

section lean-NOx technologies such as NO decomposition, NOx Storage Reduction 

(NSR) and Selective Catalytic Reduction (SCR) with different reducing agents 

(NH3/urea and hydrocarbons) are discussed. 

 

1.7.1. Direct NO decomposition 

This method is the simplest and most desirable because addition of a reducing 

agent is not required. In the catalytic decomposition, NO is directly decomposed into 

N2 and O2 according to the reaction, 

 

22
1

22
1 ONNO        (9) 

 

The above reaction is thermodynamically favorable at temperatures below  

1173 K but is kinetically limited because of the high activation energy of 364 kJ/mol 

in the absence of a catalyst [36]. Therefore, a catalyst is needed to lower the activation 

energy, which in turn would facilitate the reaction. Cu-ZSM-5 was reported to be the 

most active catalyst for the decomposition of NOx. However its activity was seriously 

inhibited in the presence of excess O2 because the active species Cu+ is easily oxidized 

to Cu2+ in this environment. In addition, the presence of H2O and SO2, which are 

invariably present in the diesel exhausts, were found to poison the catalysts [37]. 

Therefore their use for the decomposition of NOx from lean-burn engines is 

impractical. Perovskite-type oxides have also been investigated for this reaction and 

were for some time considered as potential candidates for NO decomposition [38, 39]. 

The advantages of these catalysts are their extreme thermal stability but unfortunately, 

the surface areas of these catalysts are low [40]. Ishihara et al. [41] investigated the 

NO decomposition activity over LaMnO3 by substitution of La and Mn and found 

La0.7Ba0.3Mn0.8In0.2O3 to be the most active catalyst. It was found that the substitution 
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of Mn with Cu in La0.7Ba0.3Mn0.8In0.2O3 is effective for increasing NO decomposition 

activity. NO direct decomposition proceeds on the perovskite oxide of 

La0.7Ba0.3Mn0.6In0.2Cu0.2O3 under coexistence of O2, H2O, and SO2 [42]. However 

these catalysts were found to be active only at high temperatures (1223 K), which 

make it difficult to apply under actual exhaust conditions. Goralski and Schneider [43] 

carried out free energy minimization calculations to determine the thermodynamic 

feasibility of NOx decomposition catalyst in stoichiometric and lean gas mixtures over 

a range of temperatures and compositions. Although some interesting results were 

obtained, they concluded that lean-burn NOx control for automobiles based on the idea 

of NOx decomposition is not a feasible approach for practical application. 

 

1.7.2. NOx storage Reduction (NSR) 

The NOx storage reduction method (NSR) also referred to as NOx adsorbers or 

lean NOx traps (LNTs) was developed and commercialized by Toyato researchers in 

1990 [44-48]. This method is regarded as one of the most promising solutions for the 

control of NOx emission from lean-burn and light duty diesel engines. In this approach 

an additional reducing agent is not required to be added either. A typical NSR catalyst 

consists of precious metal as active site (e.g. platinum and rhodium), alkaline-earth 

metals or alkaline metals as NOx storage site (usually barium oxide) and a high 

surface area support for highly dispersing these sites (e.g. alumina). The Pt-Ba/Al2O3 

catalytic system is a representative of this class of catalyst. The key features of this 

approach are the presence of a NOx storage compound (usually BaO which provide 

high NOx storage capacity) and the use of cyclic changes in the feed composition from 

lean to rich conditions, but with the latter period being usually 50–100 times shorter 

than the lean period. The NOx storing process over a Pt-Ba/Al2O3 catalyst is illustrated 

in reactions (10) and (11) and the NOx release/reduction processes in reactions (12) 

and (13). Figure 1.3 illustrates the reaction mechanism of NOx storage and reduction 

[49].  

 

22 NOONO Pt       (10) 

232 )(NOBaBaONO       (11) 

x
HCOHC NOBaONOBa   2,,

23 )(     (12) 

OHCONNOBaO HCOHC
x 222

,, 2         (13) 
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In lean-burn conditions, where oxygen exists in high concentration in exhaust 

gases, NOx is oxidized by oxygen to NO2 over the platinum site and stored on the 

barium oxide as barium nitrate. When the engine is switched to rich burn condition the 

hydrocarbons, hydrogen and CO react with the stored NOx to yield nitrogen, water 

and carbon dioxide. However because of its sulphur sensitivity, this technology has 

been commercialized only in Japan where low sulphur gasoline (10 ppm or less) is 

available. In fact, the major drawback of the NSR catalyst is its sensitivity to SOx 

(SO2 and SO3) poisoning. In the presence of SOx, the NOx adsorption sites are 

occupied by sulphur species causing a decrease in the number of available sites for 

NOx adsorption. Two types for the causes of sulfur poisoning of NSR catalysts [50] 

have been identified: 

(i) SO2 in the exhaust gas is oxidized on precious metals and then reacts with 

alumina to form aluminum sulfate (Al2(SO4)3). Al2(SO4)3 covers the 

surface of Al2O3 or plugs the micro-pores of Al2O3.  

(ii) SOx reacts with the NOx storage components (BaO) to form barium sulfate 

(BaSO4). Since the surface sulfates are thermally more stable and difficult 

to decompose compared to nitrates [51, 52], their gradual accumulation 

leads to the deactivation of the catalyst. As time passes, NOx storage 

capacity gradually drops, and the catalyst loses activity. 

 

 

 

 

 

 

 

 

 

Figure 1.3 Possible mechanism of NOx storage and reduction over NSR catalyst 

 

It has been pointed out that the deactivation proceeds more rapidly when SO2 

is present under rich conditions than under lean conditions or continuous SO2 

exposure [53, 54]. It was suggested that sulfur is adsorbed on platinum sites during the 
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rich period, then oxidized to sulfate during the lean period. This sulfate is trapped in 

the vicinity of the platinum particles, blocking the sites that are important in the initial 

steps of NOx storage. During the lean phase, the sulfates are formed throughout the 

catalyst and not specifically at the platinum sites, thus having less effect on the 

performance of the material. To improve SOx durability of NSR catalyst, a variety of 

approaches had been tried, such as additives, supports and nature of substrates 

(monoliths-ceramic or metallic either hexagonal or cubic). The effect of the addition 

of transition metal elements to Pt/Ba/Al2O3 catalyst was investigated for improving 

SOx durability [55, 56]. NOx reducing activity of the catalyst was improved by some 

additives, and the highest activity was gained upon Fe-compound addition after aging 

test containing SO2. However, the addition of a Cu-compound had a negative effect on 

the NSR catalysis. The effect of different Fe loading to Pt/Ba/Al2O3 system on SOx 

desorption performance under oxidizing conditions was studied and it was found that 

the Fe-compound promotes the SO2 desorption from the NSR catalyst. Addition of Fe 

inhibits the growth in size of BaSO4 particles under oxidizing condition in the 

presence of SO2 and facilitates the decomposition of BaSO4 particles and the sulfur 

desorption when exposed to reducing conditions. Researchers working at Toyota have 

also addressed the problem of sulfur poisoning of NSR catalysts. The work includes 

the addition of TiO2 to the support material to promote the decomposition of sulfate at 

the interface of the TiO2 and Al2O3. The presence of TiO2 suppresses the sulfate 

formation by the enhancement of sulfur desorption from the support without reducing 

the NOx storage capacity significantly [57]. Duprez et al have also reported 

improvement in durability of the catalyst against sulfur poisoning after TiO2 addition 

[58]. TiO2 is an acidic material, and sulfates on TiO2 are less stable than on alumina. 

Therefore, TiO2 particle dispersed on the alumina-based catalyst promotes the 

decomposition and removal of sulfates under reducing condition. The SOx desorption 

is facilitated more by smaller particle size of TiO2, which could be dispersed highly in 

the catalyst. Recently, ZrO2-TiO2 (ZT) mixed oxide as a support for K-compounds 

was found to improve the NOx removal activity [59]. A relative high ability for NOx 

removal above 773 K was obtained with 60-80 wt% ZrO2 content, particularly with 

70%. The SO2 aging studies on these catalysts showed that the catalyst with ZT70 

retained the highest amount of active potassium which did not get sulphated nor 

formed a solid phase with the support material. The high activity was attributed to the 

acidity of support, which was confirmed by NH3 temperature programmed desorption 
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(TPD) measurement. Another serious problem of NSR catalysts is its thermal 

deterioration. The formation of Al2(SO4)3 and BaSO4 species during the rich phase of 

the cycle leads to deactivation of the catalyst. In order to regain the activity, periodic 

regeneration at higher temperature of about 923 K are needed. This causes severe fuel 

penalty and lowers drivability of the car. The time required for this high-temperature 

treatment may be as long as 60–120s. Furthermore, H2S forms as the main product of 

sulphate reduction. The high hydrothermal stability is required to avoid catalyst 

deactivation during this periodic treatment and during full load operations of engines. 

A main effect typically observed after severe hydrothermal treatment is a reduction in 

the activity of NOx removal at low temperature. A good activity below 473 K is very 

important for overall catalytic converter performances, because the temperature of the 

emissions in typical procedures for checking auto-exhaust emissions is below 473 K 

for over 50–60% of the testing time. Also the high temperature treatment causes Pt 

sintering and formation of platinum oxide. As a result, fewer sites become available 

for NO and O2 adsorption and the rate of catalytic steps such as NO oxidation 

decreases [60, 61]. Thermal aging also leads to the decrease of the surface area, which 

has a negative effect on the NOx storage efficiency of the catalyst. However, the loss 

of barium-containing NOx storage components after the high temperature treatment 

due to the reaction with Al2O3 imposes a more noticeable influence on the NOx 

storage capacity [62, 63]. Imagawa et al [64] have reported improvement in the 

thermal durability of ZrO2-TiO2 supports by the addition of alumina. At high 

temperature, ZrO2-TiO2 particles agglomerate easily. As a result, the surface area of 

the ZrO2-TiO2 decreases, causing degradation of NSR activity. The addition of 

alumina to ZrO2-TiO2 leads to the formation of nano-level composite between 

alumina and ZrO2-TiO2, which resulted in the improvement of thermal durability of 

the ZrO2-TiO2 support. Addition of alumina inhibits the sintering of ZrO2-TiO2 

particle in high temperature region as a result of which the NOx storage amount of the 

alumina-zirconia-titania nano-composite was higher than that of the catalyst of ZrO2-

TiO2 after SOx aging test. Recent advances in the composition of these NSR catalysts 

are the introduction of titania nanoparticles and Rh/ZrO2 components to improve the 

regeneration during the periodic high-temperature treatment in rich conditions [6, 10], 

but the question of resistance to deactivation by SO2 and hydrothermal stability are 

not solved. It is thus necessary to develop new materials, which combine a very high 
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hydrothermal stability, a good activity at low temperature and a good resistance to 

deactivation by SO2. 

 

1.7.3. Selective Catalytic Reduction of NOx 

(a) With NH3/urea as reductant 

The selective catalytic reduction of nitrogen oxides with ammonia (NH3-SCR) 

under lean conditions is a well established industrial catalytic technology since 1970s 

for the clean up of flue-gas from stationary sources [65, 66]. The special feature of 

this reaction is that a stoichiometric dosage of ammonia is sufficient for total NOx 

conversion. This technology has also been applied for the reduction of NOx from 

heavy-duty diesel vehicles by the substitution of ammonia with the less toxic urea [67, 

68] in Europe. The basic reactions that take place on the catalyst with NH3 as the 

reductant can be shown as: 

 

Selective or desired reactions, 

OHNONHNO 2223 6444        (14) 

OHNONHNO 22232 6342        (15) 

 

A small fraction of the SO2 produced, in the boiler by oxidation of sulphur in 

the fuel, is oxidized to SO3 over the SCR catalyst. This causes problems of corrosion 

and deposit of ammonium sulphate [(NH4)2SO4] and ammonium bisulphate 

(NH4HSO4). 

 

Non selective reactions, 

322 22 SOOSO               (16) 

OHNOONH 223 6454             (17) 

OHNONH 2223 634             (18) 

 

The commercial catalyst used in stationary sources is based on homogeneous 

mixtures of titanium dioxide, tungsten oxide (or molybdenum trioxide) and vanadium 

pentoxide supported on a monolith or wire screen plate [69, 70]. V2O5, WO3 and 

MoO3 are the active components. Anatase TiO2 is used as high surface area carrier to 
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support the active components. Vanadia is responsible for the reduction of NOx and 

also for the undesired oxidation of SO2 to SO3. Accordingly, the vanadia content is 

generally kept low and is below 1% (w/w) in high sulphur applications. WO3 (or 

MoO3) is employed in larger amounts (10 and 6% (w/w) for WO3 and MoO3, 

respectively); they act as “chemical” and “structural” promoters by enlarging the 

temperature window of the SCR reaction, limiting the oxidation of SO2, and 

improving the mechanical, structural, and morphological properties of the catalysts. It 

has also been reported that WO3 and MoO3 make the catalyst more poison-resistant 

[71]. During a commercial SCR process over V2O5-WO3-TiO2 systems, the 

composition of the flue gas must be monitored permanently and the quantity of NH3 

reductant added must be tightly controlled to minimize slip into the exhaust stream. In 

general, SCR removes between 60 to 85% of NOx using 0.6 to 0.9 mol NH3 for 1 mol 

of NOx and leaves 1 to 5 ppm of unreacted NH3 (referred to as NH3 slip- an undesired 

secondary emission since ammonia is an irritating and toxic gas and cannot be 

released in the exhaust line and therefore its emissions are also the object of 

regulations as NOx). Among the particular advantages to use NH3 as reducing agent is 

the high selectivity of NH3 reaction with NO in the presence of oxygen and the 

promotional effect of oxygen on the kinetics of this reaction. However, the toxicity of 

vanadium and ammonia slip which result in the formation of (NH4)2SO4 and 

NH4HSO4 leading to the plugging and corrosion of the SCR equipment are the major 

drawbacks of this technology. Other metal oxide catalysts studied for the NH3-SCR 

reaction include metal-containing clays and layered materials [72-74] supported on 

active carbon [75] and micro- and meso- porous materials [76-78] but none of these 

have exhibited the long term stability (over 10 years) under practical conditions 

required for a commercial catalyst.  

 NH3-SCR technology for high-duty diesel (HDD) vehicles has also been 

developed to the commercialization stage and is available in European market since 

2001. For mobile source applications, the preferred reductant source is aqueous urea, 

which hydrolyses to produce ammonia in the exhaust stream according to the reaction:   

 

23222 2)( CONHOHNHCO        (19) 
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Apart from the hydrolysis step, the SCR-urea process is similar to that of 

stationary sources. For the use of urea-SCR in diesel powered cars the catalyst must 

be active in the presence of excess of oxygen at very high space velocities (500,000 

per hour), at low reaction temperatures (the temperature of the emissions in typical 

diesel cycles used in testing is in the range of 120 °C-200 °C for over 50% of the 

testing time) and should be resistant to poisons such as sulphur. Since TiO2-supported 

V2O5, promoted with WO3 used in NH3-SCR fulfill these requirements, the same have 

been used since 2005 for HD diesel vehicles in Europe. However, the operating 

conditions in a mobile diesel engine (such as heavy duty trucks or passenger cars) are 

very different than those in stationary sources. Engine load and speed vary often and 

abruptly, which directly changes the volumetric flow and temperature of the exhaust 

gas as well as the NOx emissions. Therefore the SCR system for vehicle applications 

would require precise calibration of the amount of urea injected as a function of the 

quantity of NOx emitted by the engine, exhaust temperature and catalyst 

characteristics. Industrial liquid urea, known as “Adblue” is an aqueous solution of 

32.5 wt% urea solution. Adblue is corrosive and requires stable materials for the 

components like tank, pipes, injector etc. Another characteristic of this solution is its 

proneness to crystallization and polymerization. When parts of the exhaust system are 

constantly welted by Adblue on the same spot, undesired urea crystals or polymers 

may form if the exhaust line temperature is lower than 573 K. This phenomenon will 

result in uncontrolled ammonia production when the crystals or polymers melt or 

sublime after being heated at significantly higher temperatures (T > 623 K). This may 

result in ammonia release. To overcome all these problems a sophisticated system is 

required for the use of urea-SCR which would consist of a control unit to monitor the 

quantity of urea injected, a tank to store the Adblue solution, an urea injector to 

atomize the Adblue, a mixing device to ensure homogenous distribution of NH3 in the 

exhaust gas at the SCR catalyst inlet, a hydrolysis catalyst to improve the urea 

conversion to NH3, the SCR catalyst for NOx conversion, a oxidation catalyst to 

prevent NH3 release in the exhaust line and a NOx sensor to control the NH3 quantities 

injected and to allow diagnosis of the NH3-SCR system. Moreover this whole system 

must be located under the vehicle floor, in the exhaust line for architecture purpose, 

since there is no other place for this large set-up to fit. Furthermore, the transportation 

and storage of ammonia is not very cost-effective. So, although urea-SCR has been 

used in heavy-duty vehicles with limited success, its use in diesel powered passenger 
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cars or light-duty vehicles is not practical due to the complications of maintaining an 

on-board source of ammonia. That is why a powerful stimulus for research is the 

discovery that SCR can be carried out using hydrocarbons as reducing agents. 

 

(b) With hydrocarbons as reductants 

The conventional three-way catalyst (TWC) is very effective in the removal of 

NOx from gasoline engines, but diesel engines exhaust gas contains a large excess of 

oxygen and under these conditions the three-way catalysts are ineffective. A solution 

is represented by the reduction of NOx with urea as discussed in the above section, but 

some technical issues arise due to handling of a storage tank onboard and the difficult 

control of the amount of urea added to the exhaust gas, depending on the working 

conditions of the engine [13].  A typical composition of the exhaust emitted from 

lean-burn engines contains about 0.05% NOx, 5%–10% O2, 10% H2O, and 0.05%–

0.1% unburnt hydrocarbons [79]. Hydrocarbon SCR (HC-SCR) exploits this unburned 

hydrocarbons contained in the exhaust gas combined with the addition of extra diesel 

fuel. Thus this method is a more suitable solution for cars and trucks and has 

subsequently attracted the most attention. To date, many kinds of catalysts, including 

zeolite, noble metals and metal oxides have been investigated for HC-SCR. This 

section gives a summary of the various catalytic formulations used for this reaction. 

 

(i) Zeolite based catalysts 

Quite a few zeolite based catalysts have been reported for lean-NOx reduction 

by the HC-SCR process. Among those reported in the literature, Cu/ZSM-5 zeolite is 

probably the most studied catalyst for high temperature applications, whereas 

Pt/ZSM-5 is for low temperature applications. In most lean-NOx catalysts, zeolites are 

used as catalyst support on which the active metals are ion exchanged. Among many 

different zeolites, the ZSM-5 zeolites with high silica content have been preferentially 

used for lean-NOx catalysts. Cu-ZSM-5 was the first catalyst reported by Held et al. 

[80] and Iwamoto et al. [81, 82] to show good catalytic activity for the reduction of 

NO under lean conditions by a variety of hydrocarbons including C2H4, C3H6 and 

C3H8. The temperature at which highest NO reduction is obtained depends on the type 

of reductant used. Over Cu-ZSM-5, for example, maxima in activity were reported at 

523, 598 and 573 K for C2H4, C3H6 and C3H8 respectively [81, 83-85]. The rate of the 

NO reduction reaction goes through a maximum with temperature and above the 
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optimum temperature the loss in activity is observed due to the unselective oxidation 

of hydrocarbon with O2. The overall activity of Cu-ZSM-5 was also found to depend 

on the exchange level of copper [83, 84]. The catalytic activity increased with the 

extent of Cu exchange, reached a maximum at an exchange level of 80-100%, and 

then decreased slightly at higher levels. The major drawback of Cu/ZSM-5 based 

catalysts is their poor activity in the presence of water. The deactivation is attributed 

to the redistribution of Cu species in the zeolitic structure, high dispersion of Cu ions 

in Al2O3 leading to the formation of inactive CuO aggregates on the external surface 

of the zeolite crystallites [85] and the formation of a CuAl2O4 compound [86]. 

Hydrothermal de-alumination of the zeolite framework has been a major issue in the 

deactivation of the catalyst. It appears that deactivation is mainly caused by migration 

of Cu2+ ions to locations inside ZSM-5 where their reduction to Cu1+ is more difficult 

and also to the decrease in the number of bridging hydroxyls (zeolitic Brönsted acid 

sites), which are required for the activation of hydrocarbons [87]. A substantial 

enhancement in the DeNOx SCR activity of Cu-ZSM-5 catalyst in the presence of 

water has been reported by Argonne National Laboratory [88, 89]. The Cu-exchanged 

ZSM-5 zeolite crystals were coated with fine CeO2 nanoparticles by ion-exchange 

method. The addition of CeO2 promoted the reducibility of Cu ions and also increased 

the resistance for destruction of the zeolite structure. In addition the coating of the 

catalyst lowers the maximum activity temperature range by about 423 K of the HC-

SCR reaction compared to the metal-zeolite only. In continuation of the same work, 

the CeO2 coated Cu-ZSM-5 catalyst was impregnated with small amount of Rh and 

tested for the selective catalytic reduction of NO with C3H6 in the presence/absence of 

10% H2O and 50 ppm SO2 [90]. Under dry conditions, addition of CeO2 decreased the 

maximum NO conversion as compared to the CeO2 free Cu-ZSM-5 catalyst but 

shifted the whole temperature window by about 373 K to lower temperatures 

especially at lower space velocities. Addition of water in the feed had no inhibiting 

effect on the NOx reduction activity. However in the presence of 50 ppm SO2 the 

beneficial effect of CeO2 coating was nullified at lower reaction temperature and 

higher space velocities. Besides Cu-ZSM-5 a variety of different ions have been 

exchanged in zeolites [91, 92] and tested for the SCR of NOx under lean conditions. 

Pt- exchanged zeolites have been tested with C2H4 as the reductant and it was found 

that the Pt-containing catalyst was more active at temperatures below 573 K and 

exhibited better thermal stability than corresponding Cu-containing one [93]. 
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However these are found to be less selective to N2 and a substantial amount of N2O 

production was seen on these catalysts. Besides the nature and amount of exchanged 

metal, the framework type and the Si/Al ratio also affected the catalytic property. 

Accordingly zeolites with different framework types such as ZSM-5, Y type and 

ferrierite (FER) have been investigated in the SCR of NOx. Li and Armor [94, 95] 

compared a number of Co-exchanged zeolites using methane as the reducing agent 

and found Co-ZSM-5 to be the most active one. Co-Y showed the poorest catalyst 

activity for this reaction although it had a two to three-fold higher cobalt exchange 

capacity than the other zeolites studied. This same group later reported [96] that a Co-

exchanged ferrierite (Si/Al = 8) showed a two-fold increase in activity compared to 

Co-ZSM-5. In agreement, Hall et al. [97] also observed the ability of Co-ferrierite to 

effectively activate CH, as a selective NO reductant, and reported higher NO 

reduction rates over this catalyst when methane was compared with isobutene. Many 

other zeolite systems containing palladium, gallium, indium, cerium, silver, nickel, 

manganese, rhodium and H-form zeolites have been evaluated for the reduction of 

nitrogen monoxide [98, 99]. Although, metal exchanged zeolites are active catalysts 

for the selective reduction of NO by hydrocarbons in the presence of excess O2, a 

review of the papers on this topic showed that there are major limitations for its 

utilization for commercial applications, mainly due to the limited temperature range of 

catalytic activity, inhibiting effect of water, its low hydrothermal stability, and 

reported vulnerability to poisoning by SO2 under realistic exhaust compositions. In 

conclusion, if zeolite based catalysts are to be used in automotive application their 

hydrothermal resistance along with their resistance to poisons such as SO2 must be 

dramatically increased. Thus, the search for better lean-NOx catalysts, which requires 

both more stable supports and more active catalytic material continues.  

 

(ii) Platinum group metal catalysts 

The selective catalytic reduction with hydrocarbons is a promising method for 

the removal of NOx from the exhaust of lean-burn engines. Zeolite based catalysts 

have the disadvantage of insufficient hydrothermal stability whereas the base metal 

catalysts such as copper and nickel do not have good thermal durability and these are 

sensitive to poisoning by SO2 [100, 101]. Supported noble metals catalysts, in 

particular platinum group metals (PGM), were found to be very active in the reduction 

of NOx in presence of excess of O2 and initially extensive work was carried out on 
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ruthenium and iridium. However the oxides of these metals are very volatile at high 

temperatures, which eventually led to metal loss, and therefore could not be used in 

automotive catalysts [102, 103]. However platinum, palladium and rhodium showed 

good activity at relatively low temperatures (lower than 573 K) [104], more resistance 

to poisoning against SO2 [105], and higher tolerance towards steam [106] compared to 

the metal oxide catalysts. This low temperature activity characteristic is of critical 

importance, since a major percentage of the automotive exhaust emissions is released 

during the initial heating period of the engine (‘cold start’ problem). The role of Pt 

and Pd is to oxidize CO and HCs whereas that of Rh is to reduce NOx. Amongst the 

three noble metals, platinum is the most active at low temperatures and therefore 

widely studied. The performance of supported platinum catalysts depends on several 

factors such as the amount of metal loading and dispersion [107, 108], nature of the 

support [109, 110], method of catalyst preparation [111], nature of hydrocarbon used 

as reductant [112], presence of promoters [113], combination with other catalytic 

materials [114], etc. The support seems to play an important role in the reaction 

mechanism via hydrocarbon activation. This effect is more pronounced when using 

olefins rather than saturated hydrocarbons as reducing agents [105, 114]. However, 

Pt-based catalysts are characterized by low selectivity towards N2 (substantial amount 

of N2O is formed) and narrow temperature window of operation [12, 25]. Although 

Rh catalysts show higher selectivity towards N2, the drawback is that their activity 

decreases significantly for higher oxygen feed concentrations and these require higher 

operating temperatures compared to Pt [110]. 

 

(iii) Base Metal Oxide catalyst 

Numerous catalytic formulations, as discussed above, have been tested since 

the discovery of HC-SCR for the catalytic reduction of NOx under lean conditions. 

Although transition metal containing zeolites show high activity these suffer from 

poor hydrothermal stability. On the other hand, supported noble metals, especially 

Pt/Al2O3 exhibit high activity at low temperatures and enhanced resistance to SO2 and 

water vapor but these are active only in a narrow temperature range and exhibit low 

selectivity for N2. In this context, base metal oxide catalysts have shown considerable 

promise since these too show high activity and moderate tolerance to SOx and water 

vapor, especially at higher temperatures. Many base oxides/metals (e.g. Al2O3, TiO2, 

ZrO2, MgO and these oxides promoted by, e.g. Co, Ni, Cu, Fe, Sn, Ga, In, Ag,) have 
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been reported to be active catalysts for HC-SCR [115-117]. Amongst these, Ag/Al2O3 

is thought to be the most promising candidate for practical use and hence have 

received wide attention. The effect of amount of Ag loading (1–10 wt%) on the 

catalytic performance was tested [118-121] and it was found that optimum silver 

loading was in between 1-3 wt% [122-125] whereas increased metal loading resulted 

in lower selectivity due to the fact that metallic Ag species favors propene oxidation, 

thus, decreasing its selectivity for NOx reduction [120]. Besides limited activity, 

catalysts with higher Ag loadings were found to produce significant amounts of N2O 

[119, 121, 123, 126, 127]. In a review on SCR of NOx with hydrocarbons it is 

suggested that different Ag loadings result in different catalytic phases, which are 

related to different reaction pathways [126]. Mechanistic studies have proved that NO 

decomposition-type mechanism takes place on the high loading material [126] 

whereas in the case of low loading Ag/Al2O3, NO2 formation and its subsequent 

reduction to form N2 was proposed for the NO reduction over the Ag+ phase. Another 

important parameter for SCR of NOx with hydrocarbons over Ag-based catalysts is 

the type of reductant. Various reductants have been tested including alkanes, alkenes 

[126, 128] and several oxygenates [120]. In practice, academic studies have focused 

on the use of C2-C3 alkenes and alkanes as reductants [116], as these molecules are 

found in car exhaust gases and usually give high conversions of NOx in the presence 

of excess of O2. When oxygenated hydrocarbons, such as ethanol, 2-propanol and 

acetone are used instead of propene, high NOx conversions (95–100%) are observed at 

significantly lower temperatures (573 K) [119, 120]. However, depending on the 

temperature, substantial amounts of several by-products such as N2O, HCN, NH3, 

CH3CN are formed, which in terms of health danger are much less desirable than 

nitrogen oxide [119, 120, 129]. Thus, oxygen-containing hydrocarbon species are not 

considered viable reductants with silver, until selectivity to N2 is improved. Although 

Ag/Al2O3 catalytic system has shown promising activity in the NOx reduction it still 

has major drawbacks that need to be addressed. The main drawback of this system is 

the poor SOx resistance (at lower temperatures) and narrow temperature window at 

which high NOx conversion is achieved. The influence of SO2 on the catalytic activity 

has been investigated in details and mechanistic studies have proven that the 

deactivation is caused due to the formation of silver and alumina sulphate species [126 

and references therein]. Another drawback of this system is low activity in the low 

temperature range (423-573 K), which is typical of lean-burn engine exhausts. 



Chapter 1: Introduction  
 

Ph.D. Thesis National Chemical Laboratory, Pune 
 

29

However, an added impetus to this area of research is the discovery that addition of 

small amount of H2 to the HC-SCR feed over Ag/γ-alumina catalysts improves the 

NOx reduction at lower temperature (hydrogen effect) [130 and references therein], 

which has further attracted the researcher working on this system for exploiting the 

potential of this catalyst for commercial applications. 

 

1.8.  Scope and objectives of the thesis 

 Since Ag/Al2O3 has shown potential for its utility for SCR of NOx using 

hydrocarbon as reductant, there is a scope for improvement in the catalytic activity of 

this catalyst particularly, its sulfur tolerance and hydrothermal stability. Therefore the 

objective of the present thesis was to improve the performance of this catalyst for 

SCR of NOx using hydrocarbons at lower temperature, improve its sulfur tolerance 

and hydrothermal stability. To achieve this objective we have modified the alumina 

support by doping with Si and Ti as well as for sulfur tolerance as well as the nature 

of basic alumina support is changed by incorporation of MgO in the structure. By 

modifying the alumina support the sulfur tolerance has been considerably improved as 

well as the low temperature activity also been also increased showing the potential of 

this catalyst composition for SCR of NOx under lean condition. The effect of these 

dopings and MgO additions have been characterized by various techniques and 

mechanistic aspects of these improvements have been also investigated by in-situ 

FTIR study to follow the reaction pathways. Similarly Au/Al2O3 catalyst system also 

has been investigated in detail for SCR of NOx under lean condition and this catalyst 

system also showed promising results. However the mechanistic aspects of this 

catalyst studied using in-situ FTIR showed slightly different behavior than Ag/Al2O3. 

 

1.8.1. Thesis outline 

This section gives the chapter wise distribution of the work done during the 

Ph.D. tenure. 

 

Chapter 1: An overall perspective of the origin and types of nitrogen oxides, its effect 

on the public health and environment, the various emission control strategies and NOx 

emission control from automobiles have been discussed in this chapter. The different 

lean technologies used for the abatement of NOx (catalytic decomposition of NOx, 

NOx storage reduction and selective catalytic reduction of NOx using 
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NH3/urea/hydrocarbon as reductants) have been discussed. The use of “three-way 

catalysts” in stoichiometric engines and their ineffectiveness in the reduction of NOx 

in gasoline and diesel engines, which work under lean-burn conditions, have been 

mentioned. Finally the objective of the present work undertaken with the emphasis on 

the selective catalytic reduction of NO with hydrocarbons as reductant is mentioned.  

 

Chapter 2: This chapter describes the synthesis of Ag/Al2O3 catalyst and its support 

modification to improve the sulfur tolerance in the selective catalytic reduction (SCR) 

of NO with propene as the reductant under lean-burn conditions. The catalysts were 

tested for the SCR of NO and SO2 tolerance in the presence/absence of water in the 

feed. The catalysts were characterized by different physico-chemical techniques 

before and after the reaction. Mechanistic studies were carried out to study the 

deactivation phenomenon caused by the presence of SO2 in the reaction feed mixture. 

 

Chapter 3: In this chapter the effect of Mg addition on the catalytic activity and SO2 

tolerance of Ag/Al2O3 system for C3H6 SCR has been studied. A series of Ag-

Mg/Al2O3 catalysts were prepared by impregnation method with 2% Ag loading. The 

Mg content was varied from 5.5 wt% to 17 wt%. These samples were tested for the 

selective catalytic reduction of NO with propene in the presence of excess oxygen 

under dry conditions. The sample with best activity was tested for sulfur tolerance 

under dry conditions in the presence of 20 ppm SO2. In-situ DRIFTS experiments 

were carried out to study the mechanism of deactivation of the catalysts in the 

presence of SO2.  

 

Chapter 4: In this chapter, results of SCR of NO by hydrocarbon using 1% Au/Al2O3 

will be presented. The gold supported on alumina (1 wt%) was prepared by urea 

deposition precipitation method and compared with silver supported on alumina (2 

wt% Ag) for the selective catalytic reduction of NO by hydrocarbons under diesel 

exhausts conditions. The reaction feed consisted of 300 ppm NO, 300 ppm CO, 300 

ppm C3H6, 100 ppm C10H22, 2000 ppm H2 (when present), 10% O2, 10% CO2, 5% 

H2O and balance He. The effect of addition of H2 to the feed on the catalytic activity 

as a function of temperature was also studied. Infrared experiments were carried out to 

study the various adsorbed species formed on the catalyst surface in the 

presence/absence of H2.  
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Chapter 5: This chapter presents the summary and conclusions of the thesis work. 
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Chapter 2:  Support Modification to Improve the 

Sulphur Tolerance of Ag/Al2O3 for 

SCR of NOx with Propene under 

Lean-Burn Conditions 

 

Impregnation of small quantities of SiO2 or TiO2 improved the sulphur 

tolerance of Ag/Al2O3 catalysts during the SCR of NOx using propene 

under lean conditions. FTIR study showed the sulfation of silver and 

aluminum sites in Ag/Al2O3 catalyst whereas, its formation is drastically 

suppressed in the case of Ag/Al2O3 doped with SiO2 or TiO2. 
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Chapter 2:  Support Modification to Improve the Sulphur Tolerance of 

Ag/Al2O3 for SCR of NOx with Propene under Lean-Burn 

Conditions 

 

2.1.  Introduction 

Removal of NOx from the exhaust gases of lean-burn and diesel engines is a 

major challenge to fulfill future restrictive standard emissions. Hydrocarbon selective 

catalytic reduction (HC-SCR) of NOx is a powerful technology for the removal of 

nitrogen oxides, carbon monoxide and unburned hydrocarbon from automotive 

emissions except under a large excess of oxygen. In such conditions, a narrow 

operating window is usually reported for the conversion of NOx accompanied with a 

significant production of nitrous oxide [1]. Numerous studies dealt with this topic over 

a wide variety of catalytic systems such as metal oxides [2], zeolites [3-4] and noble 

metal supported alumina [5], which have been found to be active for this reaction 

depending on the running temperature. Out of these, Ag/Al2O3 is one of the most 

active and selective for the SCR of NOx to N2. The main advantage of this system is 

its inherent thermal and hydrothermal stability [6], and its wide operating window 

observed for the selective conversion of NO to nitrogen particularly in presence of 

heavy hydrocarbons and hydrogen [7].  

The lean-burn engine exhausts typically contain water and SO2. The presence 

of water is usually known to cause deactivation of the catalyst. However this 

deactivation is known to be reversible upon removal of water from the feed. 

Deactivation of the catalyst due to SO2 in the exhaust gases is one of the major 

limitations of this catalyst system for its practical applications and has been correlated 

to the formation of sulphate species on the catalyst surface. Therefore it becomes 

essential that the catalysts should be stable and active in the presence of water vapor 

and SO2. Most researchers have demonstrated the effect of SO2 [8-10] and SO2 + H2O 

[11, 12] on Ag/Al2O3 system. Meunier and Ross [8] reported the effects of SO2 on the 

lean DeNOx activity of 1.2 wt% Ag/Al2O3 with C3H6. The sample was rapidly and 

permanently deactivated after exposure to 100 ppm SO2 at 759 K, which was 

attributed to the formation of surface silver sulfate species. Jen [9] also found that the 

NOx conversion dropped over 2 wt% Ag/Al2O3 catalysts from 62% to 28% when the 
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catalyst was tested with a mixture of propene and propane in presence of 18 ppm SO2. 

In contrast, Park et al. [10] who studied the effect of SO2 on the activity of Ag/Al2O3 

with various Ag loadings on a C3H6-SCR for NO concluded that the improvement in 

the NOx conversion was due to the formation of Ag2SO4 phase. These authors 

observed correlatively an enhancement of -NCO species formation and the 

suppression of propene oxidation compared to Ag2O. The decrease of catalytic 

performance in presence of SO2 was mainly due to the poisoning of alumina active 

sites, which are also responsible for NO reduction to N2. It was concluded that the 

addition of SO2 enhanced the performance of silver sites, but hindered the NO 

reduction function of alumina sites. In another study, Abe et al. [11] reported 

excellent NOx reduction and SO2 tolerance with ethanol as the reductant above 700 K 

in presence of 10% O2, 10% H2O, and 30–80 ppm SO2 on Ag/Al2O3 with higher silver 

loading (4.6%).  The authors suggested that silver sulfate should be catalytically 

active for NOx reduction at temperatures above 700 K. Sumiya et al. [12] have also 

reported high NOx conversion (80%) with ethanol for a 4 wt% Ag/Al2O3 even after 

10% H2O and 30 ppm SO2 were introduced. Angelidis et al. [13] have reported a 

promotional effect on the catalytic reduction of NOx over 5 wt% Ag/Al2O3 upon 

addition of 25-100 ppm SO2 at 753 K in presence of excess oxygen and a mixture of 

propane/propene. The promotional effect was clear over long-term experiments up to 

15 h and the catalyst activity was stabilized earlier in presence of SO2. The authors 

attributed the promotional effect to the formation of hydrocarbon oxygenates, sulphur 

accumulation on the catalyst surface and change in the DeNOx reaction mechanism. 

The additive effect of noble metals for NO reduction by hydrocarbons has also been 

reported in the literature [14, 15]. Lee et al. [14] found that addition of Pd improved 

the water tolerance of Co-FER system in the SCR of NOx by CH4. The improved 

water tolerance was attributed to the role of Pd in the oxidation of NO to NO2, an 

intermediate in the NO reduction and enhanced NO adsorption on the catalyst surface. 

In another study, the addition of 0.01 wt% Pd into a 5 wt% Ag/Al2O3 system 

increased the reaction activity of NO at low temperatures. However the catalytic 

activity drastically decreased in presence of SO2 due to Ag2SO4 phase, the formation 

of which was enhanced by Pd [15]. In situ DRIFTS results suggested that Pd addition 

catalyzed the partial oxidation of C3H6 into a surface enolic species, which are 

reactive towards NO3
− to form a surface -NCO species. In presence of SO2, the 

formation of these intermediate species was inhibited, hence the decrease in activity 
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[15]. Incorporation of SiO2 in this system increased the sulphur tolerance of the Ag-

Pd/Al2O3 system. Addition of SiO2 enhanced the formation of the intermediate species 

(NO3
-, enolic and –NCO species) and hence the high activity in the NOx reduction 

when the gas feed contained SO2 [16].  

From the above discussion it is clear that the main reason for the deactivation 

of SCR catalysts is the sulphation of the active metal (Ag, Pd etc) and the support 

(Al2O3). One way of improving the sulphur durability of alumina based SCR catalyst 

is by modification of the support so as to make it more sulphur tolerant. One strategy 

is to facilitate the decomposition of sulphates by adding certain materials to the 

catalyst like SiO2 or TiO2. SiO2 and TiO2 were chosen as the additives because these 

are weakly sulphating supports and it is well known that the sulphates of SiO2 and 

TiO2 decompose at lower temperatures than those of Al2O3 [17, 18]. With the aim of 

improving the sulphur tolerance of the Ag/Al2O3 based system, in the present work, 2 

wt% Ag/Al2O3 catalysts was prepared by wet impregnation method and the Al2O3 

support was modified by incorporation of SiO2 or TiO2. The influence of these 

additives on the nature of adsorbates by in situ spectroscopic measurements (using 

DRIFT) with further comparison of catalytic performances in terms of NO conversion 

to nitrogen was carefully examined in order to investigate the possible intermediates 

or strongly adsorbed species which may cause inhibiting effects. 

  

2.2.  Experimental Section 

2.2.1. Catalyst Preparation 

Alumina-supported silver catalyst (2 wt% Ag, labeled as AgAl) was prepared 

by impregnation of commercially available boehmite (AlOOH) with aqueous silver 

nitrate solution. The sample was dried overnight at 373 K and calcined in air at 773 K 

for 6 h. For the preparation of 1 wt% SiO2 incorporated AgAl, 0.347 g Si(OC2H5)4 

was dissolved in isopropyl alcohol. This solution was added to boehmite (14.3 g) 

dispersed in isopropyl alcohol under constant stirring. The solution was evaporated 

and the sample dried overnight at 373 K. To this dried sample aqueous silver nitrate 

solution (0.315 g) was added, stirred on a hot plate and dried overnight at 373 K and 

subsequently calcined in air at 773 K for 6 h. The above procedure was repeated for 

the preparation of TiO2 incorporated Al2O3 sample with Ti(OC4H9)4 (0.439 g) as the 

titanium source followed by Ag impregnation. The material was dried at 373 K and 

subsequently calcined at 773 K for 6 h. The final samples were labeled as AgSiAl and 
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AgTiAl respectively. In order to study the effect of amount of additive on the SCR of 

NOx, additional two samples with 2 wt % of SiO2 and TiO2 were prepared by the 

method discussed above and were labeled as Ag2SiAl and Ag2TiAl respectively.  

 

2.2.2. Characterization 

(a) Powder X-ray diffraction studies 

The powder X-ray diffraction data of the samples was collected on a Rigaku 

Miniflex diffractometer equipped with a Ni filtered Cu Kα radiation (λ = 1.5406 Ǻ, 30 

kV, 15 mA) radiation. The data was collected in the 2θ range 20-80° with a step size 

of 0.02° and scan rate of 4° min-1. 

 

(b) Nitrogen adsorption studies 

The BET surface area of the calcined samples was determined by N2 sorption 

at 77 K using NOVA 1200 (Quanta Chrome) equipment. Prior to N2 adsorption, the 

materials were evacuated at 573 K under vacuum. The specific surface area, SBET, was 

determined according to the BET equation. 

 

(c) EDAX analysis 

The analysis was carried out using Quanta 200 3D with EDAX at 30 kV. 

 

(d) FT-IR of adsorbed pyridine 

The nature of the surface acid sites was studied by FTIR of adsorbed pyridine 

at room temperature.  The FT-IR spectra of chemisorbed pyridine (Py-IR) were 

obtained in a high temperature cell (Spectra-Tech) fitted with a Zn-Se window 

(Shimadzu 8000 FTIR spectrophotometer). The temperature in the cell was varied 

from 303 to 698 K. The sample (30 mg) was finely crushed and placed in a sample 

holder. Prior to pyridine adsorption, the sample was out gassed for 2 h at 698 K under 

N2 flow to remove adsorbed moisture. The cell was cooled to room temperature 

stepwise and the spectra of neat catalyst were recorded (250 scans resolution 4 cm-1) 

at different temperatures. The sample was dosed with two successive pulses of 

pyridine (10 µl each). Spectrum was recorded at room temperature after an 

equilibration time of 30 min. The temperature-programmed desorption of pyridine 

was studied at 298, 373, 473, 573 and 673 K after equilibration for 30 min after 
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attaining the temperature. The spectrum of the neat sample was subtracted from the 

pyridine adsorbed sample.   

 

(e) FT-IR 

The FT-IR spectra were recorded in transmittance mode with a Thermo-

Nicolet FT-IR spectrometer. The spectrometer was equipped with an XT-KBr beam 

splitter and MCT/A detector. The sample was diluted with KBr (1:100 wt/wt) and the 

spectra recorded at room temperature in ambient air using 100 scans with a resolution 

of 4 cm-1.  

 

(f) In-situ Diffuse Reflectance FT-IR Studies (DRIFTS) 

The diffuse reflectance FT-IR measurements were carried out under a flow of 

He in the instrument described in section 2.2.2 (d). About (30 mg) of finely crushed 

sample was placed in a sample holder and pretreated at 698 K for 2 h in He flow to 

remove adsorbed moisture. The spectrum of neat catalyst was recorded (400 scans 

with resolution 4 cm-1) at 623 K prior to the experiment under He flow. The reported 

spectra are difference spectra of adsorbed species and neat catalyst.  

 

2.2.3. Catalytic Activity Tests 

The SCR of NO by propene was carried out at atmospheric pressure in quartz 

tubular down flow reactor (inner diameter 4 mm). Catalyst powder (750 mg, particle 

size < 180 m) was placed in the reactor and a thermocouple was inserted in the 

center of the catalyst bed to measure the temperature. Prior to the reaction the catalyst 

was activated at 773 K for 3 h in He flow. The typical reactant gas mixture consisting 

of NO (1000 ppm), C3H6 (2000 ppm) CO2 (10%) and O2 (5%), 0 or 5% H2O, 0 or 20 

ppm SO2 gas and balance He were fed from independent mass flow controllers. The 

online analysis of the effluent gases was carried out by monitoring the relative masses 

m/z = 30 (NO), 28 (N2), 44 (N2O, CO2), 41 (C3H6) and 46 (NO2) as function of time 

using a mass spectrometer, a chemiluminescence’s NOx analyzer and a micro GC 

(Varian CP 4900) equipped with a molecular sieve 5Å and a Porapaq Q column. The 

total flow of the inlet gas was set at 250 mL min−1 to obtain a gas hourly space 

velocity (GHSV) of 20000 h-1 (W/F =0.05 g h L-1). In these studies NO and C3H6 

conversions were calculated as follows:  
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2.3.  Results and Discussion 

2.3.1. Structural and Textural properties 

Table 2.1 shows the BET surface area of all the samples prepared in this study 

and changes after 20 ppm SO2 exposure under dry atmosphere. For comparison, the 

surface area of γ-Al2O3 is also included. Upon introduction of Ag in the γ-Al2O3 

support and the addition of 1 wt% SiO2 or TiO2 to AgAl catalyst, the surface area 

decreased. This is due to the blocking of the pores of γ-Al2O3 after impregnation of the 

support with other metal oxides resulting in the decrease in surface area. Subsequent 

decrease in specific surface area is also noticeable for used catalysts. Similar 

tendencies were earlier reported and ascribed to blockage of the pores by the 

accumulated sulphur [19]. Figure 2.1 shows the XRD pattern of the fresh sample 

(Figure 2.1A) and those recorded after exposure to the gas stream containing 20 ppm 

SO2 at 623 K (Figure 2.1B). The diffraction pattern of fresh AgAl, AgSiAl and 

AgTiAl (Figure 2.1A) show characteristic X-ray lines of γ-Al2O3 located at 2θ = 36.7, 

46.0, 60.7 and 66.9 degree (JCPDS: 29-0063). No peak due to bulk metallic Ag or 

Ag2O species were observed indicating that the Ag is well dispersed over the support 

and is amorphous due to low silver loading (2 wt% Ag). Additionally, no peak 

corresponding to SiO2 phase or TiO2 was seen in AgSiAl and AgTiAl respectively. 

This showed that the structural property of γ-Al2O3 support was maintained even after 

incorporation of SiO2 or TiO2. Figure 2.1B shows the XRD patterns of the used 

catalysts exposed to 20 ppm SO2 in the reaction feed at 623 K. All the samples exhibit 

the characteristic peaks of γ-Al2O3 and no X-ray line corresponding to bulk Ag2SO4 

was observed in the diffraction patterns of any of the samples. 

 

Table 2.1 Changes in specific surface area of the catalysts before and after SO2 exposure 

under dry atmosphere (in the absence of water) 
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Samples Surface area 

(Fresh 

catalysts) 

(m2 g-1) 

Surface area 

(After exposure 

to 20 ppm SO2) 

Relative loss in 

specific surface 

area 

Sulphur 

content, wt%  

(After exposure 

to 20 ppm 

SO2)*  

γ- Al2O3 237 - - - 

AgAl 216 198 0.08 0.14 

AgSiAl 192 190 0.01 0.05 

AgTiAl 190 186 0.02 0.00 

* By EDAX analysis 

 

2.3.2. Pyridine adsorption study 

Nature of acidity was determined by FTIR of adsorbed pyridine and the results 

are shown in Figure 2.2. IR bands appear at 1441, 1482, 1583, 1592 and 1613 cm-1 

with a weak contribution at 1551 cm-1 in spectra recorded at room temperature on 

AgAl, AgSiAl and AgTiAl. As observed, no significant shift related to changes in 

charge disturbance in the pyridine ring due to adsorption on stronger acidic sites 

occurs according to the nature of the additive [20]. Only slight changes are observed 

in the relative intensity of the bands at 1592 and 1583 cm-1. Previous characterization 

of Pt/Al2O3 by pyridine adsorption corroborates our observations on AgAl with the 

existence of six contributions, which essentially characterize pyridine adsorption on 

Lewis acid sites [21]. Previous adsorption studies carried out on silica-alumina 

catalysts [20-22] showed that pyridine adsorbed on Lewis acid site (LAS) essentially 

gives characteristic infrared bands at 1450 (ν19b) and 1610 cm−1 (ν8a) whereas pyridine 

adsorbed on Brønsted acid sites (BAS) shows characteristic bands at 1545 (ν19b) and 

1630 (ν8a) cm−1 Additionally, the IR bands at 1482, 1583 and 1592 cm-1 can be 

assigned to weak adsorption of pyridine via hydrogen bonding.  Clearly, no significant 

increase in the relative intensity of the 1551 cm-1 band characteristic of pyridinium 

ions on Brønsted sites is observed particularly after SiO2 incorporation. Hence, 

infrared spectra of all the samples show the predominance of LAS on γ-Al2O3.  
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Figure 2.1 (A) X-ray diffraction pattern of fresh γ-Al2O3 and the different samples before the reaction and (B) of fresh γ-Al2O3 and the samples 

after the reaction with 20 ppm SO2 in the feed. Reaction conditions: 1000 ppm NO, 2000 ppm C3H6, 10 % CO2, 5 %O2, 0 or 20 ppm SO2, He 

balance, Temp. 623 K 
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Figure 2.2 FT-IR spectra of pyridine adsorbed on the samples followed by evacuation 

at: (a) 298 K, (b) 373 K, (c) 423 K, (d) 473 K, (e) 523 K, (f) 573 K, (g) 623 K and (h) 

673 K 
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In all the three samples the IR band at 1592 cm-1 completely disappears on 

heating at 473 K, indicating its attribution to weakly interacting species. From Figure 

2.2 it can be seen that, the shoulder at 1613 cm-1 and the band at 1441 cm-1 disappears 

after heating AgAl at 623 K. In contrast over AgSiAl and AgTiAl the shoulder at 

1613 cm-1 is clearly visible even after heating at 623 K and the band at 1441 cm-1 is 

seen after heating at 673 K. These features indicate the presence of stronger LAS on 

AgSiAl and AgTiAl compared to AgAl. These general features are in good agreement 

with pyridine adsorption studies reported earlier on Ag/Al2O3 and Ag/TiO2-Al2O3 

[23]. These authors reported the presence of stronger LAS on Ag/TiO2-Al2O3 than on 

Ag/Al2O3. 

 

2.3.3. Catalytic activity  

(a) Influence of addition of SiO2 and TiO2 to AgAl on the catalytic activity 

The SCR of NO using propene over Ag/Al2O3 and Si/Ti doped catalysts at 

various temperatures showed only N2 formation and a complete oxidation of propene 

into CO2. CO formation was not observed under dry conditions. It is worthwhile to 

mention here that no undesirable side product (NO2) was formed. The overall steady-

state conversions of NO and C3H6 at different temperatures are shown in Figure 2.3, 

which account for competitive oxidation of C3H6 by NO and O2 according to the 

following set of reactions: 

 

22
9

2263 339 NOHCONOHC   

OHCOOHC 2222
9

63 33   

 

As indicated in Figure 2.3, amongst the three catalysts prepared, AgAl showed the 

highest NO conversion (44 %) at lower temperature (623 K). At this temperature the 

NO conversion on AgSiAl and AgTiAl was 36 and 38 % respectively showing lower 

overall activities for NO conversion. Similar trend is observed in the case of propene 

conversion with maximum conversion (20%) on AgAl and least propene conversion 

on AgTiAl (13% at 623 K). Subsequent comparisons indicate that reaction (2) 

predominates in the overall temperature range of this study but the relative 

contribution of the direct oxidation of propene by oxygen on the overall propene 

conversion accentuates with a rise in temperature. However, it seems obvious that the  
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Figure 2.3 Conversion of NO and C3H6 as a function of temperature on AgAl, AgSiAl 

and AgTiAl in the absence of SO2. Gas composition: 1000 ppm NO, 2000 ppm C3H6, 5 

%O2, 10 % CO2, He balance 

 

competition is more in favor of reaction (2) than reaction (1) on AgAl than on AgSiAl 

and AgTiAl highlighting the promotional effect of Si and Ti on the selectivity 

behavior.  The influence of the amount of additive on the catalytic performances has 

been examined. AgAl catalysts with 2 wt% SiO2 (Ag2SiAl) and TiO2 (Ag2TiAl) were 

prepared and tested for the SCR of NO (Figure 2.4). Addition of 2 wt% SiO2 and TiO2 

resulted in lower NO conversion as compared to AgAl. When conversion of NO at the 

same temperature (623 K) was compared the following trend was observed: AgAl 

(44%) > AgSiAl (36%) ~ AgTiAl (38%) > Ag2SiAl (19%) ~ Ag2TiAl (23%). Such a 

comparison highlights a detrimental effect of increasing amount of SiO2 and TiO2 on 

the overall conversion of NO. On the other hand a selectivity enhancement with a 

greater ability of the catalyst to activate the C3H6/NO reaction at the expense of the 

C3H6/O2 reaction is evident. Such observations could be tentatively explained on the 

basis of previous investigations, which mentioned the involvement of ad-NOx species 

on alumina [8, 24] and the participation of Lewis acid sites for the production of 
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oxygenates, both species being considered as intermediate in the DeNOx reactions 

[23]. Hence, the above-mentioned experimental observations probably suggest that an 

optimal amount of Si and Ti additives would determine the overall performances of 

Si- and Ti-modified catalysts in the C3H6/NO reaction with a detrimental effect at 

high Ti and Si coverage due to a loss of accessible alumina active sites at the surface 

partially compensated by an improvement of the acidic properties after Si and Ti 

incorporation. 

 

 

 

Figure 2.4 Effect of amount of additive on the conversion of NO and C3H6 as a 

function of temperature. Gas composition: 1000 ppm NO, 2000 ppm C3H6, 5 %O2, 10 

% CO2, He balance 

 

(b) Influence of addition of SO2 on the catalytic activity 

All the catalysts in the first series were tested in presence of 20 ppm SO2 in the 

absence of water. Figure 2.5 shows the effect of SO2, H2O and H2O+SO2 on the 

catalytic activity at 623 K. It is clearly seen that SO2 strongly inhibits the NO 

conversion on AgAl (in the absence of water), decreasing from 44% to 21%. On the 

other hand, SO2 does not decrease the conversion of NO significantly on AgSiAl and 

AgTiAl (Figure 2.3). This result underlines the fact that incorporation of Si and Ti has 

increased the sulphur tolerance of AgAl system. Such an improvement could be partly 
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related to changes in the competitive adsorption of NOx and SOx by modifying the 

acidic properties. In addition, it is noticed that the deactivation in case of AgAl is also 

reflected in the loss in the specific surface area (see Table 2.1) of used catalysts due to 

sulphur accumulation. This sulphur accumulation on Ag/Al2O3 was also confirmed by 

chemical analysis of sulphur content of the used catalysts using EDAX technique 

(Table 2.1). In case of AgSiAl and AgTiAl catalysts no sulphur accumulation was 

observed in chemical analysis. Previous investigations on the effect of SO2 on catalyst 

performances for SCR sometimes lead to controversial observations with reversible or 

irreversible deactivation and also beneficial effects depending on the catalyst 

compositions and the nature of hydrocarbons. Angelidis et al. [13] has reported that 

when 5 wt%Ag/Al2O3 is used as catalyst no deactivation due to SO2 is observed when 

propene is used as reducing agent as against propane which shows total deactivation 

in presence of SO2. Similar tendencies were also reported on Ga2O3-Al2O3 depending 

on the method of catalyst preparation [19]. Surprisingly the sol-gel method developed 

for such a preparation leads to a beneficial effect of SO2 while co-precipitation and 

impregnation led to detrimental effects. In fact, Haneda et al. [19] discussed their 

results in terms of stabilization of sulphate species inducing a negative effect and the 

creation of Brønsted acid sites, which could activate the conversion of C3H6. In case 

of NSR catalyst also Imagawa et al. [25] have shown that doping of TiO2 to 

nanocomposite of Al2O3 and ZrO2-TiO2 as support has improved the sulphur 

tolerance of the catalyst considerably which is attributed to the formation of the 

Al2O3-TiO2 solid solution after addition of TiO2 to the nanocomposite [25]. Our 

results obtained on AgAl and AgSiAl and AgTiAl could be discussed in the light of 

those previous statements. As a matter of fact, changes in the selectivity observed on 

modified-AgAl with a preferential inhibiting effect can be correlated to lower extent 

of deactivation due to sulphate accumulation which emphasizes the fact that the 

oxidation of SO2 to SO3 is a pre-requisite step for sulphate formation [26]. Further 

spectroscopic investigations were performed in order to investigate changes in surface 

properties due to accumulation of S- and N-containing adsorbed species. 

 

(c) Influence of water addition  

The influence of H2O and simultaneous addition of H2O+SO2 in the feed on 

the NO conversion to N2 over the three samples is illustrated in Figure 2.5. For these 
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tests, prior to the introduction of H2O in the feed, the inlet composition was checked 

at 423 K. The catalyst was then heated to 623 K at 10 K min-1 in a water containing 

flow (5%). After stabilization, the conversion was recorded and then SO2 was 

introduced in the feed gas. The activity of the catalyst in the presence of H2O+SO2 

was monitored for 12 h and then the conversion was recorded. In the presence of 

water in the feed, AgAl gave a maximum of 38% NO conversion; AgSiAl gave 50% 

NO conversion whereas AgTiAl gave 25% NO conversion to nitrogen. 

 

 

 

 

Figure 2.5 Effect of SO2 (dry conditions), H2O and H2O+SO2 on conversion of NOx 

and C3H6 on AgAl, AgSiAl and AgTiAl at 623 K. Reaction conditions: 1000 ppm NO, 

2000 ppm C3H6, 10 % CO2, 5 %O2, 20 ppm SO2, 5 % H2O and He balance 

 

The corresponding conversions of propene are reported in Figure 2.5. Contrarily to 

previous measurements in the absence of water, CO is significantly formed 

irrespective of the catalyst composition. The CO formation in presence of water in 

case of AgAl, AlSiAl and AgTiAl was found to be 134, 425 and 265 ppm respectively 

confirmed by online GC.  Conversion and specific rates for NO reduction to nitrogen 

have been tentatively estimated for further comparisons. Calculations reported in 
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Table 2.2 show a decrease in activity in the presence of water except on AgSiAl. In 

this latter case, a significant rate enhancement in NO conversion is observed.  The 

simultaneous introduction of water and SO2 induces a significant deactivation except 

on AgSiAl. As indicated in Table 2.2, AgTiAl is more sulphur resistant than AgAl, 

however the most prominent observation is probably the remarkable behavior of 

AgSiAl with a higher conversion level than that observed in the absence of SO2 and 

H2O. Now regarding the selectivity behavior, SO2 and H2O addition induce a weak 

effect on the selectivity of AgTiAl and AgSiAl. On the other hand, a strong 

detrimental effect is noticeable on AgAl. Hence, such observations evidence 

significant changes in catalytic properties after Si and Ti-modification.  

 

Table 2.2 Influence of water and SO2 on the specific rate of NO conversion to N2 on 

modified-Ag catalysts. T (reaction) = 623 K, 1000 ppm NO, 2000 ppm C3H6 with  

W/F0 = 0.05 g h L-1.  

Catalyst Reaction 

Conditions 

NO conversion Specific rate 

(mol h-1g-1) 

AgAl A 0.44 3.6×10-4 

 B 0.21 1.7×10-4 

 C 0.38 3.1×10-4 

 D 0.20 1.6×10-4 

AgSiAl A 0.36 3.0×10-4 

 B 0.37 3.0×10-4 

 C 0.50 4.1×10-4 

 D 0.45 3.7×10-4 

AgTiAl A 0.38 3.1×10-4 

 B 0.40 3.1×10-4 

 C 0.25 2.1×10-4 

 D 0.30 2.5×10-4 

A: in the absence of water and SO2 
 

B: in the presence of 20 ppm SO2  

C: in the presence of 5 vol. % H2O  

D: in the presence of 5 vol. % H2O and 20 ppm SO2  

 

Earlier investigations on various DeNOx catalysts have discussed a loss of catalytic 

activity due to H2O and SO2 by detailed characterizations of the deactivated catalyst 
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[27-29]. The loss due to H2O was attributed to competitive adsorption of H2O and NO 

whereas the loss due to SO2 was attributed to sulphate formation. In the SCR of NOx, 

when H2O is present in the feed, it may compete with NO for adsorption on identical 

reaction sites. The reduction of available adsorption sites for NO by H2O is one of the 

main causes for the deactivation of SCR catalyst [27]. Hence, the addition of Si and 

Ti would weaken the usual inhibiting effect of water. Such an explanation could be 

still valid for SO2, which exhibits a weak inhibiting effect. The strengthening of the 

acidic properties would weaken the interaction between SO2 and Al2O3. 

The beneficial effect of water has also been observed for the reduction of NO 

by heavy hydrocarbons by Shimizu et al. [30]. These authors have tentatively 

explained their results on the basis of in situ IR measurements which suggest a 

significant reduction of carbonaceous deposits which can cause a poisoning effect. As 

a matter of fact, He et. al. [31] also reported a promoting effect of water for the C3H6-

SCR. They observed a rate enhancement in NO and propene conversion but did not 

find similar effect for the single oxidation of propene by oxygen. However still such 

an effect is not correctly understood and could possibly involve direct interactions 

between hydrocarbons and NOx to explain this beneficial effect. Ag-ZSM5, Ag/SiO2-

Al2O3 and Ag/SiO2 are reported to catalyze partial oxidation of methane in presence 

of oxygen which has been studied using in-situ FTIR under dry conditions [32]. 

Ranney et al have reported beneficial effect of water on propylene partial oxidation 

using Ag catalyst; Ag (110) surface [33]. In the absence of water complete oxidation 

of propylene is observed on Ag (110) where as in presence of water partial oxidation 

is favored. It is noticeable that water addition in the feed in our experiments is 

accompanied with the parallel formation of CO (AgAl 134 ppm, AlSiAl 425 ppm and 

AgTiAl 265 ppm). In the present case the increase in the propylene conversion as well 

as NOx conversion on AgSiAl could be attributed to partial oxidation of propylene to 

CO, CO2 and hydrogen by comparison with the literature reports. However the exact 

reaction pathway for the formation of CO and hydrogen in presence of water under 

the experimental conditions of present study is not very clear. Though CO formation 

has been detected using online GC analysis, the corresponding hydrogen could not be 

detected due to reactive nature of hydrogen at reaction temperature (623 K). Satokawa 

et al. [34, 35] has reported positive effect of hydrogen on NO conversion using 

Ag/Al2O3 catalyst and light hydrocarbons as reductant at lower temperature. Hence, 
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the formed hydrogen in presence of water on AgAl, AgSiAl and AgTiAl is expected 

to react with NO under reaction conditions thereby unable to detect H2 by GC. 

 

(d) FT-IR study of spent catalysts 

To study the nature of species formed during SCR in presence of 20 ppm SO2, 

which are responsible for catalyst poisoning, the FTIR of the used catalyst was 

examined (Figure 2.6). Since the measurements were made in ambient air, the 

absorption band at 1640 cm−1, due to bending vibration of adsorbed water, was seen 

over all the samples. The spectrum of AgAl (Figure 2.6a) shows an intense band at 

1384 cm-1 and a broad hump at 1135 cm-1 which are assigned to asymmetric and 

symmetric stretching vibration of O=S=O of sulphate species on Al2O3 [19].  

 

 

 

Figure 2.6 FT-IR spectra of (a) AgAl, (b) AgSiAl and (c) AgTiAl after use in the SCR 

of NOx with 20 ppm SO2. Reaction conditions: 1000 ppm NO, 2000 ppm C3H6, 10% 

CO2, 5%O2, 20 ppm SO2, He balance, Temp. 623 K 

 

The appearance of these peaks indicates the formation of aluminum sulfate 

species on the support. In contrast, a much less intense peak at 1384 cm-1 is observed 

in case of used AgSiAl (Figure 2.6b) and AgTiAl (Figure 2.6c). It is reported that the 

sulfates formed on Al2O3 are thermally more stable and decompose at temperature 
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~1073-1193 K [15] to yield the oxide whereas those formed on SiO2 [17] or TiO2 [18] 

are relatively less stable. These results show that sulphate species formed on AgSiAl 

and AgTiAl, get easily desorbed from the surface thus preventing the sulphation of the 

Al2O3 support and thereby preserving the catalytic activity in presence of SO2.  

 

(e) In-situ DRIFTS study 

In order to examine the cause of catalyst deactivation in presence of SO2, and 

to study the mechanism of deactivation, in situ FTIR studies were carried out in the 

absence of water. Since the deactivation due to SO2 was more prominent at 623 K the 

in-situ DRIFTS analysis was carried out at this temperature. Two sets of experiments 

were carried out for each catalyst. In the first experiment, standard SCR gas mixture 

(1000 ppm NO + 2000 ppm C3H6 + 10% CO2 + 5% O2) was passed over the catalyst 

at 623 K and the species formed were monitored as a function of time. In second 

experiment along with standard SCR mixture, 20 ppm SO2 was introduced in the feed 

at 623 K and the formation of different species was monitored as a function of time. 

The in situ IR results of SCR in presence of 20 ppm SO2 on AgAl, AgSiAl and 

AgTiAl are shown in Figure 2.7, 2.8 and 2.9 respectively. For reference the spectrum 

in absence of SO2 (exposed to 1000 ppm NO + 2000 ppm C3H6+ 10% CO2 + 5% O2 

for 60 min) for AgAl [Figure 2.7A (i)], AgSiAl [Figure 2.8A (i)] and AgTiAl [Figure 

2.9A (i)] is also included. Based on previous literature data [24, 36, 37], IR bands 

assigned to monodentate nitrate (1250, 1550 cm-1), bidentate nitrate (1305, 1590  

cm-1), acetate species (1460, 1585 cm-1), formate species (1595, 1390, 1380cm-1), 

enolic (1637 cm-1) and NCO species (Ag-NCO 2235 cm-1 and Al-NCO-2259 cm-1) 

are summarized in Table 2.3. For all three catalysts in absence of SO2 [Figure 2.7 A 

(i)] the characteristic infrared bands due to acetates (1574, 1445 and 1471 cm-1), 

formates (1390 and 1377 cm-1) and adsorbed nitrates (1638, 1591 and 1304 cm-1) [30] 

are observed along with surface isocyanate species, Ag-NCO and Al-NCO (2226 and 

2258 cm-1 for AgAl; 2229 and 2261 cm-1 for AgSiAl  & 2226 and 2255 cm-1 for 

AgTiAl) [36] as well as surface enolic species (H2C=CH-O-M) (1644 cm-1) [24].  

Meunier et al. [36] have studied SCR using propene on Ag/Al2O3 by in situ 

FTIR. Two broad absorption ranges with an apparent maximum at 1560 and 1300  

cm-1 after exposure to NO+O2 are reported. These observations are in qualitative 



Chapter 2: Improving the sulphur tolerance of Ag/Al2O3  
 

Ph.D. Thesis National Chemical Laboratory, Pune 
 

58 

 

 

Figure 2.7 Dynamic changes of in situ DRIFTS spectra over AgAl during the SCR of NO in presence of SO2 at 623 K. (i) NO + C3H6–60 min, 

(ii) NO + C3H6 + SO2–10, (iii) 30, (iv) 60, (v) 120, (vi) 180 min (vii) 240 and (viii) 300 min. Gas composition: 1000 ppm NO, 2000 ppm C3H6, 

5% O2, 10% CO2, 20 ppm SO2, He balance 
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Figure 2.8 Dynamic changes of in situ DRIFTS spectra over AgSiAl during the SCR 

of NO in presence of SO2 at 623 K. (i) NO + C3H6–60 min, (ii) NO + C3H6 + SO2–10, 

(iii) 30, (iv) 60, (v) 120, (vi) 180 min (vii) 240 and (viii) 300 min. Gas composition: 

1000 ppm NO, 2000 ppm C3H6, 5% O2, 10% CO2, 20 ppm SO2, He balance 

 

agreement with that reported in Figures 2.7A (i), 2.8A (i) and 2.9A (i) and would 

correspond to the formation of bidentate nitrates species on alumina. A distinct 

observation is related to the IR band at 1445 cm-1 with a shoulder at 1474 cm-1 (Figure 

2.7A) which would result from the direct interaction between propene and NO+O2 

with the formation of oxygenates from the partial oxidation of propene. Those IR 

bands could characterize the presence of carboxylate species according to previous 

assignments [36]. Weak contributions evident at 1644 and 1377 cm-1, could also 

highlight the presence of organo-nitrite, oxime and organo-nitro compounds. Weak IR 

bands are also observed near 2226 cm-1 previously assigned to -NCO species. Such 

tentative assignments seem to agree with those reported by Li et al. [23] who 
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investigated the reduction of NO by propene on Ag/TiO2-Al2O3 and Ag/Al2O3. These 

authors suggested the formation of monodentate, bidentate and bridge nitrate, acetate 

species, formate species and isocyanate species. 

 

 

 

Figure 2.9 Dynamic changes of in situ DRIFTS spectra over AgTiAl during the SCR of NO in 

presence of SO2 at 623 K. (i) NO + C3H6–60 min, (ii) NO + C3H6 + SO2–10, (iii) 30, (iv) 60, 

(v) 120, (vi) 180 min (vii) 240 and (viii) 300 min. Gas composition: 1000 ppm NO, 2000 ppm 

C3H6, 5% O2, 10% CO2, 20 ppm SO2, He balance 

 

The influence of SO2 on the formation of suggested reaction intermediates on 

the catalyst surface was examined. IR spectra recorded on AgAl in the course of the 

NO+C3H6+O2 reactions with 20 ppm SO2 are presented in Figure 2.7A (ii-viii). After 

exposure to 20 ppm SO2 very weak signal for silver sulphate species starts appearing 

after 30 min at 1313 cm-1 which appears as broadening of the 1304 peak. The 

broadening of the peak at 1304 cm-1 becomes more evident from 30 min to 300 min 

and the peak broadens with maxima shifted to 1313 and 1296 cm-1. It suggests the 

formation of silver sulphate species on the catalyst surface leading to deactivation due 



Chapter 2: Improving the sulphur tolerance of Ag/Al2O3  
 

Ph.D. Thesis National Chemical Laboratory, Pune 
 

61

to sulphur poisoning.  After exposure to SO2 the previously discussed IR bands 

ascribed to acetates, formates and nitrates do not disappear. On the other hand the IR 

bands associated with Ag-NCO at 2226 and Al-NCO at 2258 cm-1 gradually decreases 

in intensity from 10 min to 300 min. In parallel, the broad bands at 1558 cm-1 and 

1445 cm-1 intensify which correspond to the development of nitrates species as well as 

adsorbed C-containing intermediates. This result indicates the sulfation of Ag phase in 

case of AgAl in presence of 20 ppm SO2.  

 

 

Table 2.3 Assignments of IR bands formed on AgAl, AgSiAl and AgTiAl during in- situ studies  

Wavenumber 

(cm-1) 

Surface species Vibrations Observed 

wavenumber (cm-1) 

References 

1585 Carboxylate 

COO¯ 

νa
OCO 1586 [36] 

1460  νs
OCO 1456 and 1471  

1595 Formate HCOO¯  νa
OCO 1591 [36] 

1380  νs
OCO 1377  

1390  δCH 1390  

1550 Monodentate 

nitrate NO3¯ 

νN=O 1558 [36] 

1250  νa
ONO Not detected  

1590 Bidentate nitrate 

NO3¯ 

νN=O 1595 [36] 

1305  νa
ONO 1304, 1301 [36] 

1560 Ad-NOx  1558 [36] 

1313 Ag2SO4  1313 [8] 

1384 Al(SO4)3  Not detected [8] 

1637 H2C=CH-O-M  1644 [37] 

2230 Ag-NCO  2226, 2229 [24] 

2260 Al-NCO  2255, 2258, 2261 [24] 

(s= symmetric, a= asymmetric and δ=bending) 

 

 

In case of AgSiAl (Figure 2.8) and AgTiAl (Figure 2.9) exposure to 20 ppm 

SO2 shows formation of Ag-sulphate at 1313 cm-1 only after 120 min (Figure 2.8A-v 
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and 9A-v inset). The delayed formation of silver sulphate in case of AgSiAl and 

AgTiAl proves the improved sulphur tolerance of both the catalysts. It is noticeable 

that the decrease in intensity of the IR band assigned to Ag-NCO and Al-NCO on 

AgSiAl and AgTiAl is not significant compared to AgAl which can be correlated to a 

lesser deactivation on AgSiAl and AgTiAl than on AgAl due to SO2 poisoning.  The 

sulphation of Al2O3 generally evidenced by the presence of a 1384 cm-1 IR band (Al-

sulfate) is not significantly observed even after 300 min exposure to SO2, in case of all 

the catalysts which may be due to low concentration of SO2 in the feed gas. 

Nevertheless, it must be mentioned here that the intensities of the IR bands for all 

adsorbed species in the absence of 20 ppm SO2 (acetates, nitrates, etc) do not 

significantly change  after SO2 addition except for AgAl after 300 min SO2 exposure.. 

This is because the adsorption of NO is known to take place on basic sites and in 

presence of SO2 in the feed; there is a site competition between SO2 and NOx 

molecules [38]. Additionally, it is also worthwhile to note that the higher amount of 

nitrates, acetates on AgAlSi and AgTiAl correspond to a more extensive accumulation 

of isocyanate species both on Ag and alumina which seems to be well in agreement 

with previous mechanistic proposals where those adsorbates are supposed to be 

reactive intermediate for the formation of nitrogen [23]. 

In this present study, the increased sulphur tolerance of AgSiAl and AgTiAl 

can be explained on the basis of two factors: acidity of the support and the related 

extent of interaction between S-containing species and alumina and/or Ag species. 

The amount of SO2 deposited onto the support is dependent on the acidity of the 

support and SO2 being acidic increase in the acidity of the support results in decrease 

in the amount of SO2 adsorbed. The addition of SiO2 or TiO2 to AgAl has led to 

increase in the acidity of the support as mentioned in section 3.3 [29, 39, 40]. This 

increase in acidity has enhanced the SO2 desorption from the support, thereby 

reducing the extent of sulphation of the catalytically active phases i.e. Ag and Al2O3 

and maintaining the high catalytic activity even in presence of SO2. Secondly, the 

sulphates of SiO2 [17] and TiO2 [18] are known to be thermally less stable than the 

sulphates of Al2O3 [18]. This means that even if the SiO2 and TiO2 sites are sulphated, 

these would desorb more easily from the catalyst support than Al2(SO4)3. It is well 

reported in the literature that role of Ag in Ag/Al2O3 system is the partial oxidation of 

C3H6 to form surface enolic species which in turn react with the adsorbed nitrates to 

form -NCO species, an important intermediate in the SCR of NOx with C3H6 whereas 
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that of Al2O3 is to reduce NOx to N2 [10]. It may be concluded from the in situ 

DRIFTS results that over AgSiAl and AgTiAl the increase in the catalyst acidity 

suppressed the sulphur poisoning of Ag and Al2O3 sites up to certain extent and the 

lower stability of the sulphates of SiO2 and TiO2 could facilitate the fast desorption of 

sulphate species from the support thus retaining the activity of the catalysts even in 

the presence of SO2. 

 

2.4.  Conclusions 

The alumina support in case of Ag/Al2O3 has been modified for improving 

sulphur tolerance for SCR of NOx using propene as reductant. Alumina doping with 

1% SiO2 or 1% TiO2 has shown a remarkable improvement in the sulphur tolerance. 

The in situ FTIR study has shown that the deactivation of the catalyst is due to the 

formation of sulphates of Ag and Al2O3, which is minimized in presence of SiO2 or 

TiO2. The improved sulphur tolerance is due to the increase in the acidity of the 

catalyst thus decreasing the sulphate formation as well as lower stability of the 

sulphates of SiO2 and TiO2. 
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Chapter 3:  Effect of Magnesia Modification on 

the Low Temperature Catalytic 

Activity and Sulphur Tolerance of 

Ag/Al2O3 System 

 

A series of magnesium incorporated silver alumina samples were 

prepared and tested for the SCR of NOx using propene under lean 

conditions. Addition of magnesium improved the low temperature 

catalytic activity and the sulphur tolerance of silver alumina system. The 

improvement in low temperature activity was correlated to decreased 

acidity upon addition of magnesium. FTIR study showed that the 

deactivation in the presence of SO2 was due to the sulphation of silver 

and aluminum sites in Ag/Al2O3 catalyst whereas, its formation is 

suppressed in the case of magnesium doped Ag/Al2O3. 
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Chapter 3: Effect of Magnesia Modification on the Low Temperature 

Catalytic Activity and Sulphur Tolerance of Ag/Al2O3 

System 

 

1.1.  Introduction 

Lean burn engines emit less CO2 by virtue of complete combustion of fuel in 

the presence of excess of oxygen compared to their stoichiometric spark ignited 

gasoline counterparts and hence are becoming more popular. The three way catalysts 

which simultaneously convert NOx, CO and HCs into N2, CO2 and H2O from the 

exhaust of stoichiometric spark ignited gasoline engines are not capable of reducing 

NOx from the exhaust of lean burn engines because of the presence of large excess of 

oxygen [1]. Thus, the removal of NOx from the exhaust of lean-burn engines is a 

major challenge because it requires using the limited reductant to selectively react 

with NO rather than O2. Therefore worldwide lot of efforts have been taken both 

academically and industrially to develop suitable technologies/catalysts for the 

reduction of NOx under lean conditions. There are mainly two catalytic technologies 

for the removal of NOx under lean conditions viz; the NOx storage reduction (NSR) 

developed by Toyota [2, 3] and hydrocarbon selective catalytic reduction (HC-SCR) 

[4]. Though NSR technology has been commercialized in Japan where low sulphur 

content fuel is available, the major drawback of this catalyst is its sensitivity to 

deactivation by sulphur poisoning. In the presence of SOx, the NOx adsorption sites 

are occupied by sulphur species causing a decrease in the number of available sites for 

NOx adsorption eventually leading to catalyst deactivation. In this context, HC-SCR 

seems to be a promising method for the removal of NOx under lean conditions since 

this method exploits unburned hydrocarbons already contained in the exhaust gas 

stream. Many catalytic formulations have been evaluated for the HC-SCR of NOx in 

presence of excess of O2 [5] and can be classified into three categories: ion-exchanged 

zeolite catalysts, metal oxide catalysts, and supported precious metal catalysts. 

Although metal exchanged zeolite catalysts exhibit high activity for the reduction of 

NO these have the disadvantage of insufficient hydrothermal stability under realistic 

exhaust compositions. Precious metal-based catalysts (PGM), especially Pt based 

catalysts such as Pt/Al2O3 exhibit the best low temperature activity (lower than  
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300 °C) [6] and are more resistant to water vapor and SOx poisoning. But these have 

two major disadvantages: low selectivity towards N2 (substantial amount of N2O is 

formed) and narrow temperature window of operation for NO reduction [5, 7]. Metal 

oxide-based catalysts, for example Al2O3, TiO2, ZrO2, MgO and these oxides 

promoted by, e.g. Co, Ni, Cu, Fe, Sn, Ga, In, Ag compounds have been reported to be 

active for HC-SCR [8-10]. Amongst these, Ag/Al2O3 is thought to be the most 

promising candidate for practical use since it exhibits high activity for NO reduction, 

high selectivity towards N2 and moderate tolerance to SOx and water vapor, especially 

at higher temperatures [5, 11]. However the major drawback of this system is the 

negligible activity and poor SO2 tolerance at low temperatures (573-673 K). The low 

activity in this temperature region is due to poor activation of the reductant on the 

alumina supported catalyst whereas the activity loss in the presence of SO2 is due to 

the sulphation of active sites (Ag and Al2O3). Many authors have investigated the 

influence of SO2 on the catalytic activity in details and mechanistic studies have 

proven that the deactivation is caused due to the formation of silver and aluminum 

sulphate species [5 and references therein, 12, 13]. Thus improvement in the low 

temperature activity and SO2 tolerance in the temperature range 573 -673 K is still a 

major challenge for HC-SCR. 

One way of improving the low temperature activity and the SO2 tolerance is by 

modification of the support with a promoter. Magnesia seems to be a promising 

promoter for these applications for two reasons:  

(i) It has been reported in the literature that the modification of alumina 

support with magnesia has enhanced the conversion of NO to N2 [14]. 

The presence of magnesia modified the surface acid sites of alumina 

supports leading to the promotion of the SCR activity.  

(ii) Magnesium oxide is used as a catalyst support for chemisorption of SO2 

[15] whereas magnesium aluminate spienel is used as a sulphur transfer 

catalyst [16] in fluidized catalytic cracking (FCC) processes.  

Based on these considerations magnesia was used in the present study to 

modify the alumina support so as to improve the low temperature catalytic activity 

and SO2 tolerance of AgAl2O3 system in the SCR of NOx with C3H6. The aim was to 

investigate the influence of MgO component on the catalytic activity and sulphur 

tolerance of Ag/Al2O3 system in NO reduction with C3H6. 
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3.2.  Experimental Section 

3.2.1.  Materials 

Commercially available boehmite (AlOOH) was used as a precursor of  

γ-Al2O3. Magnesium nitrate Mg(NO3)2. 6H2O and silver nitrate (AgNO3) purchased 

from Merck were of analytical grade and used without further purification. 

 

3.2.2. Catalyst Preparation 

The series of Ag-Mg/Al2O3 catalysts were prepared with 2% Ag loading and 

varying the Mg content from 5.5 wt% to 17 wt% by impregnation method. In a typical 

preparation of the catalyst containing 5.5 wt % Mg, 6.11 g of Mg(NO3)2.6 H2O was 

dissolved in distilled water. To this solution boehmite (13.89 g) was added under 

constant stirring. The solution was evaporated and the sample dried overnight at 373 

K and then calcined at 773 K for 6 h. To this calcined sample aqueous silver nitrate 

solution (0.214g) was added, stirred on a hot plate and dried overnight at 373 K 

followed by calcination in air at 873 K for 6 h.  The final sample was labeled as 

Ag5.5MgAl, where 5.5 denotes the amount of Mg in wt%. The above procedure was 

repeated for the preparation of the samples with magnesium content 7, 11, and 17 

wt% Mg. For comparison, alumina-supported silver catalyst (2 wt% Ag, labeled as 

AgAl) was prepared by impregnation method with aqueous silver nitrate solution. The 

sample was dried overnight at 373 K and calcined in air at 773 K for  

6 h. 

 

3.2.3. Catalysts characterization 

(a) Powder X-ray diffraction studies 

 The powder X-ray diffraction data was collected on a Rigaku Miniflex 

diffractometer equipped with a Ni filtered Cu Kα radiation (λ = 1.5406 Ǻ, 30 kV, 15 

mA) radiation. The data was collected in the 2θ range 20-80° with a step size of 0.02° 

and scan rate of 4° min-1. 

 

 

(b) Nitrogen adsorption studies 

The BET surface area of the calcined samples was determined by N2 sorption 

at 77 K using NOVA 1200 (Quanta Chrome) equipment. Prior to N2 adsorption, the 
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material was evacuated at 573 K under vacuum. The specific surface area, SBET, was 

determined according to the BET equation. 

 

(c) NH3 temperature programmed desorption (TPD) studies 

The NH3 temperature programmed desorption (TPD) experiments were 

performed using a Micromeritics Autochem 2910 instrument. A weighed amount of 

the sample (100 mg) was placed in a quartz reactor, pretreated in a flow of He gas at 

773 K for 1 h (ramp rate of 10 K min-1) and cooled to 373 K. The catalyst was then 

exposed to a gas mixture of NH3 (5% NH3-95% He, 50 ml min-1) at 373 K, followed 

by evacuation at 373 K for 3 h. The temperature was raised to 973 K at a heating rate 

of 10 K min-1. Then, the measurement was made from 373 K with a heating rate of 5 

K min-1 in flowing He as a carrier gas at a flow rate of 60 ml min-1 until ammonia was 

desorbed completely. A thermal conductivity detector (TCD) was employed at the 

outlet of the reactor to measure the volume of ammonia consumed during reduction of 

the samples.  

 

(d) In situ Diffuse Reflectance FT-IR studies (DRIFTS) 

The diffuse reflectance FT-IR measurements were carried out under a flow of 

He in a high temperature cell (Spectra-Tech) fitted with a Zn-Se window (Shimadzu 

8000 FTIR spectrophotometer). The temperature in the cell was varied from 303 to 

698 K. About (30 mg) of finely crushed sample was placed in a sample holder and 

pretreated at 698 K for 2 h in He flow to remove adsorbed moisture. The spectrum of 

neat catalyst was recorded (400 scans with resolution 4 cm-1) at 623 K prior to the 

experiment under He flow. The reported spectra are difference spectra of adsorbed 

species and neat catalyst. 

 

3.2.4. Catalytic activity measurement 

The SCR of NO by propene was carried out at atmospheric pressure in a 

tubular down flow reactor (inner diameter 4 mm). A mechanical mixture of catalyst 

powder (500 mg, particle size < 180 m) and commercial silica gel (2.0 gm, particle 

size 125-250 m) was placed in the reactor and a thermocouple was inserted in the 

center of the catalyst bed to measure the temperature. Prior to the reaction the catalyst 

was activated at 773 K for 1 h in 10% O2/He flow. The typical reactant gas mixture 
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consisting of NO (1000 ppm), C3H6 (2000 ppm) CO2 (10%), O2 (5%), 20 ppm SO2 

gas (when added) and balance He were fed from independent mass flow controllers. 

The online analysis of the effluent gases was carried out by monitoring the relative 

masses m/z = 30 (NO), 28 (N2), 44 (N2O, CO2), 41 (C3H6) and 46 (NO2) as function 

of time using a quadropole mass spectrometer (Hiden Analytical HPR 20), a 

chemiluminescence’s NO/NO2/NOx analyzer (42C HL, Thermo Environmental) and a 

micro GC (Agilent 3000A) equipped with a molecular sieve 5Å column. The reaction 

was carried out at a gas hourly space velocity (GHSV) of 20000 h-1  

(W/F =0.05 g h L-1). In these studies NO and C3H6 conversions were calculated as 

follows:  

 

NO conversion (%) = 100
][

][][



inletx

outletxinletx

NO

NONO
 

 

C3H6 conversion (%) = 100
][

][][

63

6363



inlet

outletinlet

HC

HCHC
 

 

3.3.  Results and Discussion 

3.3.1. Structural and Textural properties 

Table 3.1 shows the BET surface area of γ-Al2O3, AgAl and AgMgAl samples 

prepared in this study. Addition of Ag to the γ-Al2O3 support has led to the decrease in 

the surface area. In the case of Mg modified silver alumina catalysts, the increase in 

the loading of Mg from 5.5 wt% to 17 wt% has resulted in the decrease of surface area 

from 169 m2 g-1 to 111 m2 g-1. This is due to the blocking of the pores of γ-Al2O3 after 

impregnation of the support with metal oxides. Figure 3.1 shows the XRD patterns of 

the series of catalysts prepared. For comparison, the XRD pattern of γ-Al2O3 is also 

shown. Incorporation of Ag in all the samples did not show any separate phase of bulk 

metallic Ag or Ag2O species indicating high dispersion of Ag on the support as well 

as amorphous nature due to low silver loading (2 wt% Ag).  

 

 

Table 3.1 Specific surface area and total acidity of the catalysts 

Samples Surface area (m2g-1) Total acidity of support (mmol g-1) 
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γ- Al2O3 237 0.714 

AgAl 216 0.615 

Ag5.5MgAl 169 0.550 

Ag7MgAl 166 0.527 

Ag11MgAl 157 0.483 

Ag17MgAl 111 0.412 

 

 

 

Figure 3.1 X-ray diffraction pattern of fresh γ-Al2O3 and the different magnesium 

modified Ag/Al2O3 samples 

For AgAl sample, only the diffraction lines assignable to γ-Al2O3 phase located at  

2θ = 36.7, 46.0 and 66.90° (JCPDS: 29-0063) were observed. In case of Mg modified 

samples, similar trend was seen upto 7 wt% Mg loading. Further increase in the Mg 

loading (11 and 17 wt%) has resulted in the shift in the peaks at 46.0 and 66.90° to 
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45.10 and 65.35° indicating the formation of magnesium aluminate (MgAl2O4) phase 

(JCPDS: 47-0254). 

 

3.3.2. NH3 TPD studies 

The total acidity of the samples measured by temperature programmed 

desorption of NH3 is shown in Table 3.1. Pure γ-Al2O3 showed the highest acidity 

(0.714 mmol g-1) amongst all the samples. Addition of 2 % Ag onto the support led to 

the decrease in the total acidity of the support. This result can be corroborated with the 

BET surface area results, which showed decrease in the surface area due to blocking 

of the alumina pores upon incorporation of Ag. The acidity further decreased in case 

of Mg loaded samples. The acidity decreased with increasing Mg loading from 0.550 

mmol g-1 for Ag5.5MgAl to 0.412 mmol g-1 of support for Ag17MgAl (Table 3.1). 

From the above results it is seen that the total acidity decreased with the incorporation 

of magnesia into alumina. 

 

3.3.3. Catalytic activity study 

The catalytic activity of AgAl and AgMgAl with different Mg content in the 

SCR of NO using propene was examined in the absence and presence of SO2. Over 

the temperature range studied N2 was the only product formed and no undesirable 

products (NO2 and N2O) were formed 

 

(a) Catalytic performance of AgMgAl in the absence of SO2 

Figure 3.2 shows the temperature dependent study of NO and C3H6 conversion 

over AgAl and AgMgAl samples in the 573 to 673 K range. As seen from Figure 

3.2A, the NO conversion began at 573 K and increased with increase in the 

temperature for all the samples. It can be seen that the modification of the alumina 

support with a small amount of Mg improves the low temperature activity compared 

to AgAl. Ag5.5MgAl showed 78% NO conversion as compared to 44% NO 

conversion over AgAl at 623 K (Figure 3.2A). Amongst the Mg modified catalysts 

prepared, Ag7MgAl showed maximum activity with 98% NO conversion at 623 K. 

Further increase in Mg loading had a detrimental effect on NO conversion. The 

catalyst containing 11 wt% (Ag11MgAl) and 17 wt% (Ag17MgAl) Mg loading 

showed 61% and 59% NO conversion respectively at 623 K (Figure 3.2A). Similar 

enhancement in NO reduction activity upon addition of Mg has been previously 
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reported [12]. In their study, the influence of different weight percentages of Mg (1, 

2.5, 5, 7 and 10 wt%) over Ag (3 wt%) impregnated alumina catalyst in the NO 

reduction activity was studied.  

 

 

 

Figure 3.2 NO conversion (A) and C3H6 conversion (B) over AgAl and AgMgAl 

samples as a function of temperature. Reaction conditions: 1000 ppm NO, 2000 ppm 

C3H6, 5% O2, 10% CO2, He balance, GHSV= 20000 h-1 

 

With increase in the Mg content from 1 to 5 wt% progressive increase in the 

reduction of NO to N2 was observed however further increase in Mg content has 

resulted in decreased NO conversion. Among the series of catalysts prepared the best 

catalytic activity was displayed by the catalyst containing 5 wt% Mg (Mg(5)SA) 

whereas the least activity was shown by the catalyst containing the highest amount (10 

wt%) of Mg (Mg(10)SA). The high catalytic activity over Mg(5)SA was attributed to 

the presence of high percentage of magnesium aluminate (MgAl2O4) phase 

(confirmed by XRD and XPS studies). They concluded that the formation of MgAl2O4 

in the catalyst Mg(5)SA enhanced the dispersion and stabilization of silver phases and 

also resulted in optimal high surface availability of Ag0 and Ag+ species which in turn 
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promoted the NO reduction. In case of the catalyst Mg(10)SA the poor activity was 

ascribed to the presence of different phases of Mg viz; MgO and MgAl2O4. It was 

concluded that the presence of MgO and MgAl2O4 in Mg(10)SA led to agglomeration 

of silver particles. The poor dispersion of silver promoted the non-selective oxidation 

of C3H6 instead of NO reduction which resulted in low activity. These results show 

that there is an optimal amount of Mg that is needed to enhance the catalytic activity 

and that the presence of higher amount of Mg would lead to decreased activity. Our 

data can be discussed in view of these results. First it needs to be emphasized here that 

the whole series of samples containing Mg prepared in this study gave better NO 

conversion in the whole temperature range studied as compared to AgAl. Even the 

catalyst containing the highest amount of Mg (Ag17MgAl) gave better NO conversion 

(59%) as compared to AgAl (44%) at 623 K. As discussed above, in the present study 

Ag7MgAl gave the best NO conversion at 623 K amongst all the catalysts studied. 

Although formation of MgAl2O4 phase was not detected in this catalyst, it can be said 

from the discussion above that the addition of optimal amount of Mg (7 wt% in this 

study) to silver alumina system may have resulted in better dispersion and 

stabilization of silver along with high surface availability of Ag0 and Ag+ species [12]. 

As for the decrease in NO conversion with increasing Mg content over Ag17MgAl 

(59%) and Ag11MgAl (61%) as compared to Ag7MgAl (98%) and Ag5.5MgAl 

(78%) at 623 K it may be attributed to the decrease in the number of active sites by 

Mg, which is less active than Al2O3 [18]. Park et al have already reported that in the 

SCR of NOx the role of Al2O3 in Ag/Al2O3 system is to reduce NOx to N2 [19]. For 

Ag11MgAl and Ag17MgAl high Mg loading probably leads to blocking of the 

alumina surface, which consequently results in decreased NO reduction activity.  

The improvement in the NO reduction activity upon addition of Mg can be 

explained on the basis of activation of C3H6. The importance of surface acid–base 

property in NO reduction has been emphasized by many researchers [14, 20-22]. It is 

well-known that activation of C3H6 takes place on Brønsted acid sites [23]. Haneda et 

al [23] have reported that the creation of Brønsted acid sites in the presence of 90 ppm 

SO2 over Ga2O3-Al2O3 accelerated the C3H6 oxidation step. Similarly, Masters and 

Chadwick [24] reported that the activation of methanol is promoted on Brønsted acid 

sites created by SO2 adsorption on γ-Al2O3. Our group in a recently published paper 

has reported improved SO2 tolerance of Ag/Al2O3 system after incorporation of  

1 wt% of SiO2 or TiO2 [25]. However the enhanced SO2 tolerance, which was 
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attributed to the strengthening of Lewis acid sites (LAS) on the incorporation of 

above-mentioned additives, was accompanied by a slight decrease in the NO 

reduction activity. The reaction conditions used were similar to those in the present 

study. In the absence of water AgAl gave 44% NO and 20% C3H6 conversion at 623 

K. Upon modification of the support by incorporation of 1 wt% SiO2 (AgSiAl) or 1 

wt% TiO2 (AgTiAl) the NO conversion slightly decreased to 36% and 38% 

respectively. Similar trend was observed in case of propene conversion with 17% on 

AgSiAl and least propene conversion on AgTiAl (13% at 623 K). In the present case 

the improvement in the low temperature activity in NO reduction over Mg modified 

sample can be explained on the basis of decrease in the total acidity of the support, 

which in turn has resulted in low temperature activation of C3H6. Alumina which is 

often used as a support for SCR of NOx has strong acid as well as strong basic sites. 

The addition of magnesia to the alumina system is known to neutralize the acidity of 

alumina [26-27]. The total acidity and acid strength of magnesia alumina mixed oxide 

support was measured by microcalorimetric method by Aberuagba et al [28]. It was 

found that the total acidity decreased with the incorporation of magnesia into alumina. 

The strong acid sites which were noticeable in pure alumina were completely 

neutralized with the incorporation of 50% magnesia. At higher loadings of magnesia 

where the strong acid sites were absent, medium and weak acid sites were 

predominant. Klisińska et al [29] studied the effect of additives on V2O5/SiO2 (VSiA) 

and V2O5/MgO (VMgA) catalysts in the oxidative dehydrogenation of propane and 

ethane. They reported that the additives did not affect markedly the catalyst structure, 

but modify their acido-basic properties and reducibility. The pyridine sorption 

measurements showed that these two systems differ in type of the acid sites, the 

VMgA series exhibiting less LAS, slightly lower amounts of strong sites and lower 

strength of sites as compared with VSiA, and no Brønsted acid sites. Similar results 

were reported by Hong et al [30] who reported that the modification of the alumina 

support with magnesia resulted in stable activity of the supported vanadium-antimony 

oxide catalysts for the dehydrogenation of ethylbenzene to styrene. They correlated 

the enhanced catalytic activity to the reduced acid sites of VSb/MgAl (magnesia 

modified alumina supported vanadium-antimony)) catalysts compared to the un-

modified VSb/Al (alumina supported vanadium-antimony) catalyst. From the above 

discussion it is clear that though magnesia incorporation did not result in the 

generation of Brønsted acid sites, however it led to the weakening of Lewis acid sites. 
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In the present case these observations can be correlated with our results. From the 

NH3 TPD data (Table 3.1) it is clear that the total acidity of the support has decreased 

with increasing amount of Mg. This decreased acidity has helped in the activation of 

C3H6 over Mg incorporated samples, which in turn has improved the NO reduction 

activity.  

Figure 3.2B shows the propene conversion over AgAl and AgMgAl samples 

as a function of temperature. AgAl showed 20% C3H6 conversion at 623 K. Addition 

of 5.5 wt% Mg resulted in higher C3H6 conversion (38%) as compared to AgAl. 

Amongst the Mg incorporated samples, Ag5.5MgAl showed the lowest C3H6 

conversion (38%) whereas Ag17MgAl showed highest C3H6 conversion (60 %) at 623 

K.  However the NO conversion over Ag17MgAl at this temperature was much less as 

compared to Ag5.5MgAl (Figure 3.2). From this result it can be said that increasing 

the Mg content favors the unselective oxidation of C3H6 rather than the selective 

reduction of NO. Similar results were reported by Kumar et al [12] who correlated 

this behaviour to the presence of MgO phase and bigger silver particles in their 

sample. Previous reports on Ag/Al2O3 catalysts [17] revealed that the presence of 

larger silver particles at higher loadings resulted in low NO reduction and complete 

oxidation of C3H6. As for the selectivity behavior, addition of Mg has improved the 

selectivity of C3H6 towards NO reduction. Over all the catalysts prepared in this study 

the C3H6 conversion remained below 65% even when NO reduction was almost 100%. 

Generally, in the presence of excess of oxygen with increase in the temperature the 

unselective oxidation of C3H6 is favored which leads to low NO reduction. In the 

present case however this trend was not observed which shows that the addition of Mg 

has led to selective use of C3H6 in NO reduction.  

(b) Catalytic performance of AgAl and Ag7MgAl in the presence of SO2 

The effect of SO2 addition under dry conditions on the catalytic activity as a 

function of time-on-stream was monitored at 623 K based on the preliminary results 

which showed that Ag7MgAl showed maximum NO conversion at this temperature. 

First the catalyst was exposed to a reaction mixture containing 1000 ppm NO + 2000 

ppm C3H6 + 5% O2 + 10 % CO2 for 60 min. After the measurement of steady state 

NO conversion in the absence of SO2, 20 ppm SO2 was added to the feed gas and NO 

conversion measured. The effect on NO conversion after the addition of 20 ppm SO2 

on the catalytic activity of AgAl and Ag7MgAl is shown in Figure 3.3.  
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Figure 3.3 Comparative study of SO2 tolerance of AgAl and Ag7MgAl as a function of 

time. Reaction conditions: 1000 ppm NO, 2000 ppm C3H6, 5% O2, 10% CO2, 20 ppm 

SO2, He balance, GHSV= 20000 h-1, Temp. 623 K 

 

 

In the absence of SO2, AgAl showed 44% NO conversion which decreases to 

21% in the presence of 20 ppm SO2. On the other hand, upon exposure to 20 ppm SO2 

the NO conversion over Ag7MgAl decreased marginally form 98% to 90%. From 

these results, it is evident that SO2 has considerable negative impact on the catalytic 

activity of AgAl whereas on Ag7MgAl the effect is not that profound. However it 

must be noted here that over both the catalyst, even after removal of SO2 from the 

feed gas the catalytic activity was not regained to its original value indicating that the 

deactivation caused was irreversible. 

 

3.3.4. In situ DRIFTS study 
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In order to examine the cause of catalyst deactivation in presence of SO2, and 

to study the mechanism of deactivation, in situ FTIR studies were carried out in the 

absence of water. Since the deactivation due to SO2 was more prominent at 623 K the 

in-situ DRIFTS analysis was carried out at this temperature. Two sets of experiments 

were carried out for each catalyst. In the first experiment, standard SCR gas mixture 

(1000 ppm NO + 2000 ppm C3H6 + 10 % CO2 + 5% O2) was passed over the catalyst 

at 623 K and the species formed were monitored as a function of time. In second 

experiment along with standard SCR mixture, 20 ppm SO2 was introduced in the feed 

at 623 K and the formation of different species was monitored as a function of time 

and the results are shown in Figure 3.4 and 3.5 respectively. For reference the 

spectrum in absence of SO2 (exposed to 1000 ppm NO + 2000 ppm C3H6+ 10 % CO2 

+ 5% O2 for 60 min) for AgAl [Figure 3.4A (i)] and Ag7MgAl [Figure 3.5A (i)] is also 

included. Based on previous literature data [17, 31-32], IR bands assigned to 

monodentate nitrate (1250, 1550 cm-1), bidentate nitrate (1305, 1590 cm-1), acetate 

species (1460, 1585 cm-1), formate species (1595, 1390, 1380cm-1), enolic (1637 cm-1) 

and NCO species (Ag-NCO 2235 cm-1 and Al-NCO-2259 cm-1) are summarized in 

Table 3.2. For AgAl catalysts in absence of SO2 [Figure 3.5 A (i)] the characteristic 

infrared bands due to acetates (1574, 1445 and 1471 cm-1), formates (1390 and 1377 

cm-1) and adsorbed nitrates (1638, 1591 and 1304 cm-1) [33] are observed along with 

surface isocyanate species, Ag-NCO and Al-NCO (2226 and 2258 cm-1) [17] as well 

as surface enolic species (H2C=CH-O-M) (1644 cm-1) [31]. Under identical reaction 

conditions, for Ag7MgAl catalysts these bands are observed at 1584, 1468 and 1445 

cm-1 (acetate species), 1301 cm-1 (bidentate nitrate) and 1625 cm-1 (enolic species).  
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Figure 3.4 Dynamic changes of in situ DRIFTS spectra over AgAl during the SCR of NOx in presence of SO2 at 623 K. (i) NO + C3H6–60 min, 

(ii) NO + C3H6 + SO2–10, (iii) 30, (iv) 60, (v) 120, (vi) 180 min (vii) 240 and (viii) 300 min. Gas composition: 1000 ppm NO, 2000 ppm C3H6, 5 

%O2, 10 % CO2, 20 ppm SO2, He balance 
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Figure 3.5 Dynamic changes of in situ DRIFTS spectra over Ag7MgAl during the 

SCR of NO in presence of SO2 at 623 K. (i) NO + C3H6–60 min, (ii) NO + C3H6 + 

SO2–10, (iii) 30, (iv) 60, (v) 120, (vi) 180 min (vii) 240 and (viii) 300 min. Gas 

composition: 1000 ppm NO, 2000 ppm C3H6, 5 %O2, 10 % CO2, 20 ppm SO2, He 

balance 

 

Meunier et al. [17] have studied SCR using propene on Ag/Al2O3 by in situ 

FTIR. Two broad absorption ranges with apparent maxima at 1560 and  

1300 cm-1 after exposure to NO+O2 are reported. These observations are in qualitative 

agreement with that reported in Figure. 3.4 A (i) and 3.5 A (i) and would correspond 

to the formation of bidentate nitrates species on alumina. A distinct observation is 
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related to the IR band at 1445 cm-1 with a shoulder at 1474 cm-1 (Figure 3.4 A) which 

would result from the direct interaction between propene and NO+O2 with the 

formation of oxygenates from the partial oxidation of propene. Those IR bands could 

characterize the presence of carboxylate species according to previous assignments 

[17]. Weak contributions evident at 1644 and 1377 cm-1 could also highlight the 

presence of organo-nitrite, oxime and organo-nitro compounds. Weak IR bands are 

also observed near 2226 cm-1 previously assigned to -NCO species. Such tentative 

assignments seem to agree with those reported by Li et al. [34] who investigated the 

reduction of NO by propene on Ag/TiO2-Al2O3 and Ag/Al2O3. These authors 

suggested the formation of monodentate, bidentate and bridge nitrate, acetate species, 

formate species and isocyanate species.  

 

Table 3.2 Assignments of IR bands formed on AgAl and Ag7MgAl during in situ studies 

Wavenumber 

(cm-1) 

Surface species Vibrations Observed 

Wavenumber (cm-1) 

References

1585 carboxylate COO¯ νa
OCO 1586 [17] 

1460  νs
OCO 1456 and 1471  

1595 formate HCOO¯  νa
OCO 1591 [17] 

1380  νs
OCO 1377  

1390  δCH 1390  

1550 monodentate 

nitrate NO3¯ 

νN=O 1558 [17] 

1250  νa
ONO Not detected  

1590 bidentate nitrate 

NO3¯ 

νN=O 1595 [17] 

1305  νa
ONO 1304, 1301 [17] 

1560 Ad-NOx  1558 [17] 

1313 Ag2SO4  1313 [35] 

1384 Al(SO4)3  Not detected [35] 

1637 H2C=CH-O-M  1644 [32] 

2230 Ag-NCO  2226 [31] 

2260 Al-NCO  2258 [31] 

(s= symmetric, a= asymmetric and δ=bending) 
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The influence of SO2 on the formation of suggested reaction intermediates on 

the catalyst surface was examined. IR spectra recorded on AgAl in the course of the 

NO+C3H6+O2 reactions with 20 ppm SO2 are presented in Figure 3.4 A (ii-viii). After 

exposure to 20 ppm SO2 very weak signal for silver sulphate species started appearing 

after 30 min at 1313 cm-1 which appeared as broadening of the 1304 peak. The 

broadening of the peak at 1304 cm-1 became more evident from 30 min to 300 min 

and the peak broadened with maxima shifted to 1313 and 1296 cm-1. It suggests the 

formation of silver sulphate species on the catalyst surface leading to deactivation due 

to sulphur poisoning. After exposure to SO2 the previously discussed IR bands 

ascribed to acetates, formates and nitrates did not disappear. On the other hand the IR 

bands associated with Ag-NCO at 2226 and Al-NCO at 2258 cm-1 gradually 

decreased in intensity from 10 min to 300 min. In parallel the broad bands at 1558 and 

1445 cm-1 intensified which correspond to the development of nitrates species as well 

as adsorbed C-containing intermediates. These result indicated the sulfation of Ag 

phase in case of AgAl in presence of 20 ppm SO2.  

In case of Ag7MgAl (Figure 3.5) exposure to 20 ppm SO2 did not show 

formation of Ag-sulphate at 1313 cm-1 upto 300 min (Figure 3.5A ii-viii inset). The 

absence of formation of silver sulphate in case of Ag7MgAl proved the improved 

sulphur tolerance of this catalyst. It is noticeable that the decrease in intensity of the 

IR band assigned to Ag-NCO and Al-NCO on Ag7MgAl was not significant 

compared to AgAl which can be correlated to a lesser deactivation on Ag7MgAl than 

on AgAl due to SO2 poisoning.  The sulfation of Al2O3 generally evidenced by the 

presence of a 1384 cm-1 IR band (Al-sulfate) was not significantly observed even after 

300 min exposure to SO2, in case of both the catalysts which may be due to low 

concentration of SO2 in the feed gas. 

 

3.4.  Conclusion 

The effect of magnesia addition to Ag/Al2O3 catalysts for the SCR of NO has 

been investigated. In the series containing varying Mg loadings (5.5 to 17 wt% Mg), 

catalyst containing 7% Mg (Ag7MgAl) showed maximum activity with 98% NO 

conversion at 623 K whereas catalyst containing 17% Mg (Ag17MgAl) loading 

showed the least NO conversion under identical conditions. The increase in the 

catalytic activity upon addition of Mg was correlated with the decrease in the total 

acidity of the support. The presence of Mg helped in the low temperature activation of 
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C3H6, which in turn resulted in higher NO conversion. The order of activity for the 

catalysts was Ag7MgAl > Ag5.5MgAl > Ag11MgAl > Ag17MgAl. The sample with 

best activity (Ag7MgAl) was tested for sulfur tolerance under dry conditions. In the 

presence of 20 ppm SO2 in the feed, the NO conversion decreased to 90% at 623 K. 

The in situ FTIR study has shown that the deactivation in the case of Ag/Al2O3 

catalyst is due to the sulphation of active sites (Ag). In the presence of Mg, the 

formation of sulphates of Ag is inhibited and therefore the activity maintained. In 

conclusion, the addition of magnesia was found to improve the catalytic activity of 

Ag/Al2O3 in the reduction of NO to N2 in the temperature range 598-673 K. The 

presence of magnesia has significantly improved the sulfur tolerance of this system.  
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Chapter 4:  NO Reduction under Diesel Exhaust 

Conditions over Au/Al2O3 

 

NO reduction under diesel exhaust conditions was carried out over 

Au/Al2O3 prepared by deposition-precipitation method and compared 

with the catalytic activity of Ag/Al2O3 sample. 
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Chapter 4: NO Reduction under Diesel Exhaust Conditions over 

Au/Al2O3 

 

1.1.  Introduction 

Lean burn automobile engines are becoming increasingly popular than the 

stoichiometric gasoline engines because of their high fuel efficiencies resulting in 

lower CO/CO2 emissions. The present three-way catalytic converter is ineffective 

under lean burn conditions for the reduction of NOx due to excess oxygen and lesser 

CO and hydrocarbon in the exhausts of these engines [1]. Various approaches and 

catalytic compositions are being investigated to reduce the NOx from lean burn 

engines. In this context, NOx storage and reduction (NSR) developed by Toyota [2, 3] 

and selective catalytic reduction of NOx by urea (urea SCR) and hydrocarbon (HC-

SCR) are being investigated as promising processes for NOx abatement [4, 5]. HC-

SCR seems to be more promising because of its merits over the other two approaches. 

Amongst the various catalytic formulations reported silver on alumina show 

promising activity for the selective reduction of NOx to N2 by hydrocarbons under 

lean burn conditions especially in the presence of hydrogen [5]. However deactivation 

of the catalyst due to SO2 in the exhaust gases is one of the major limitations of this 

catalyst system for its practical applications and improvement in sulfur tolerance has 

been achieved upto certain extent by modifying the alumina support [6]. Silver on 

alumina catalyst system is extensively studied for effect of various parameters on NOx 

conversion and selectivity for N2 as well as in situ studies for understanding the 

mechanism. Hence mechanism of very high catalytic activity as well as deactivation 

of catalyst in presence of SO2 is very well understood in case of Ag/Al2O3. 

Supported gold-based catalysts [7-14] are also one more set of catalysts which 

have been investigated for HC-SCR of NOx. Ueda et al have carried out a study of 

gold supported on various metal oxides for HC-SCR and reported Au/Al2O3 to be the 

most active in the reduction of NOx to N2 in the presence of moisture and oxygen 

among all studied Au systems [10, 11]. Recently, Ilieva et al have reported reduction 

of NOx by CO with 100% selectivity to N2 at 200 °C over gold supported on ceria-

alumina mixed catalysts [15, 16]. However the catalytic activity of Au/Al2O3 is low 
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compared to Ag/Al2O3 catalyst for SCR of NOx using hydrocarbons as well as the Au 

system is not investigated in much greater details compared to Ag/Al2O3 system. 

All the previous reports on Au/Al2O3 for SCR of NOx, use lower alkanes or 

alkenes [11-13] or CO as the reductant [15, 16]. However simultaneous use of CO, H2 

and a higher hydrocarbon like decane, which are present in the exhausts of a diesel 

engine has not been reported so far. In this chapter, we have investigated the catalytic 

activity of Au/Al2O3 (1% Au) for HC-SCR of NOx under real diesel engine exhaust 

conditions and compared the results with that of Ag/Al2O3 system. The effect of 

addition of H2 in the feed on the activity of these catalysts was also studied. Detailed 

in-situ FTIR experiments were performed using hydrocarbon and hydrogen to 

examine the surface species formed during the course of the reaction to understand the 

mechanistic aspects of SCR of NOx over Au/Al2O3 catalyst and the results are 

reported.  

 

3.2.  Experimental Section 

3.2.2. Catalyst Preparation 

γ-Al2O3 was obtained by sol-gel procedure. Aluminium sec-butoxide and 2-

butanol was mixed and stirred at 85 °C till a homogenous solution was formed. Water 

was added in a molar ratio of 1Al/6C4H9OH/10H2O, giving a gel that was dried at 120 

°C overnight. Before calcination, gold was deposited on alumina precursor using the 

deposition precipitation method with urea. Urea solution was thermostated at 80 °C 

and the solution of HAuCl4. xH2O was added. Al2O3 precursor powder was introduced 

in the solution after 5 min under stirring at 80 °C. The obtained sample was dried at 

80 ° C followed by a washing step using water. After subsequent drying at 80°C, the 

sample (1 wt% Au/Al2O3) was calcined in air at 500 °C for 12 h. 

For comparison, silver-based catalyst was prepared by wet impregnation using 

AgNO3 as the precursor on the same alumina support. Final catalyst (2 wt % 

Ag/Al2O3) was obtained after successive drying overnight at 80 °C followed by 

calcination at 500 °C for 12 h.  

 

4.2.2. Catalytic activity measurements 

Temperature-programmed experiments were performed in a fixed-bed flow 

reactor. The reaction mixture consisted of 300 ppm NO, 300 ppm CO, 300 pm C3H6, 

100 ppm C10H22, 2000 ppm H2, 10% O2, 10% CO2, 5% H2O and balance He. The 
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catalyst (300 mg) was used in a powder form (40-80 μm). The total flow rate of the 

gas mixture was set at 250 mL min-1 to obtain a gas hourly space velocity of 50000 h-

1. The effluent gas was analyzed using an online mass spectrometer (Omnistar GSD 

301) and a micro GC (Varian CP 4900) equipped with a thermal conductivity 

detector. The reactants and products were separated on a molecular sieve 5Å (NO, N2, 

O2, H2 and CO) and a Porapaq Q column (N2O, C3H6). C10H22 was monitored on the 

mass spectrometer. Prior to the reaction, the catalyst was activated in He at 500 °C for 

1 h.   

 

3.2.3. Catalysts characterization 

IR spectra of the adsorbed species were recorded using a FTIR spectrometer 

(Thermo Nicolet 460 Protégé, MCT detector) equipped with a DRIFT cell (Harrick).  

Prior to each experiment, 30 mg of the sample was heated in He flow at 385 °C with a 

heating rate of 10 °C min-1. The sample was then cooled down to 128 °C (in the case 

of experiments with H2) or 150 °C (experiments without H2) under He flow and then 

heated again under the reaction mixture containing 467 ppm NO, 958 ppm CO, 958 

ppm C3H6 and 173 ppm C10H22, 2000 ppm H2 (when present), 5% O2 with He. The 

ratio W/F0 was also adjusted to 0.072 g s cm-3. 

X-ray photoelectron spectroscopy (XPS) was used to carry out the surface 

characterization of the fresh and used catalyst. XPS experiments were performed 

using a Vacuum Generators Escalab 220XL spectrometer equipped with a 

monochromatized aluminum source. The pressure in the analysis chamber was 

maintained at 10-10 Torr. Binding energy (B.E.) values were referenced to the binding 

energy of the C 1s core level (285.1 eV) for charge correction. 

 

3.3.  Results and discussion  

3.3.1. HC-SCR of NO over 1 wt% Au/Al2O3 and 2 wt% Ag/Al2O3 

The activated catalysts were exposed to reaction mixture in a fixed bed reactor using 

300 ppm NO, 300 ppm CO, 300 ppm C3H6, 100 ppm C10H22, 2000 ppm H2, 10% O2, 

10% CO2, 5% H2O and balance He. Figure 4.1(A) compares the NO reduction to N2 

and N2O as a function of temperature over 1 wt% Au/Al2O3 and 2 wt% Ag/Al2O3. 

 



Chapter 4: NO reduction over Au/Al2O3  
 

Ph.D. Thesis National Chemical Laboratory, Pune 
 

91 

0

20

40

60

80

100

50 150 250 350 450

Temperature (°C)

N
O

 c
on

ve
rs

io
n 

(%
)

0

20

40

60

80

100

N
2 

S
el

ec
ti

vi
ty

 (
%

)

A

a

b

cd

 

0

20

40

60

80

100

50 150 250 350 450

Temperature (°C)

N
O

 c
on

ve
rs

io
n 

(%
)

0

20

40

60

80

100

N
2 

S
el

ec
ti

vi
ty

 (
%

)

B

a

d

c

b

 

 

Figure 4.1 Comparison of (A) NO conversion and N2 selectivity over 1 wt% Au/Al2O3 (a and c) and 2 wt% Ag/Al2O3 (b and d) as a function of 

temperature in the presence of H2. (B) Comparison of NO conversion and N2 selectivity over 1wt% Au/Al2O3 in the absence (a and d) and 

presence (b and c) of H2 (Reaction conditions: 300 ppm NO, 300 ppm CO, 300 pm C3H6, 100 ppm C10H22, 0 or 2000 ppm H2, 10% O2, 10% 

CO2, 5% H2O and balance He. GHSV = 50000 h-1) 
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Two temperature domains could be distinguished for NO reduction on Au/Al2O3. The 

first temperature domain (185-325 °C) showed a low conversion level (max. 14% 

conversion around 250-275 °C) and N2 selectivity higher than 55%. In the second 

temperature domain (350-500 °C) a maximum of 60% NO conversion at 375 °C was 

observed and complete selectivity towards N2 was evidenced as previously reported 

over Au/Al2O3 [7]. A classical behavior is reported in Figure 4.1(A) for Ag/Al2O3. 

NO conversion began at 170 °C and 75-85% of conversion was obtained in the 

temperature range of 250-350 °C. At the same time the selectivity to N2 formation 

progressively increased with temperature till it reached 100%. 

The conversion of all the reductants (H2, CO, C3H6 and C10H22) was followed 

during temperature-programmed experiments and temperatures corresponding to 50% 

of conversion are reported in Table 4.1. H2 and CO were activated on Au/Al2O3 at 

low temperature with T50 around 200 °C whereas no significant simultaneous 

reduction of NO arose in this temperature range. It indicated that H2 and CO are 

unselectively oxidized to H2O and CO2. By contrast, the activation of propylene and 

decane began above 300 °C when the simultaneous reduction of NO to N2 was seen. 

After 340 °C the NO conversion decreased progressively due to complete 

consumption of the reductants. The activation of reductants followed the sequence T50 

C10H22 < T50 H2 < T50 C3H6 < T50 CO on Ag/Al2O3. Clearly, decane combined with 

hydrogen addition seems to be the most efficient reductant for the HC-SCR on both 

catalytic systems. Figure 4.1(B) compares the activity of Au/Al2O3 in the presence 

and in the absence of hydrogen, i. e. in the presence of CO, propylene and decane as 

reductants. The conversion level of NO previously observed above 350 °C decreased 

from 60% to 20% when hydrogen was not present in the feed. However the selectivity 

remained almost complete for N2 in this temperature range (350-500 °C) as observed 

in the presence of H2. 

 

Table 4.1 Temperature corresponding to 50% conversion of reductants on Au/Al2O3 and 

Ag/Al2O3 catalysts 

Catalyst T50 CO (°C) T50 H2 (°C) T50 C3H6 (°C) T50 C10H22 (°C) 

1%Au/Al2O3 195 200 335 350 

2%Ag/Al2O3 385 240 325 170 
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4.3.2. In-situ Infrared studies 

a) Infrared spectra over Au/Al2O3 under NO+CO+C3H6+O2  

In order to identify the different species formed on the surface of the Au/Al2O3 

catalyst during HC-SCR reactions, the catalyst placed in a DRIFT cell was first 

exposed after activation to 467 ppm NO, 958 ppm CO, 958 ppm C3H6 and 5% O2 

with He as balance. Figure 4.2 presents the IR spectra during the temperature-

programmed sequence under reaction mixture. At 150 °C, the signal at 1652 cm-1 

(spectrum a) revealed the presence of adsorbed water on the surface of the solid 

(Figure 4.2A). Further increase in temperature led to the appearance of IR bands 

located at 1587, 1460, 1392, 1375 cm-1 (Figure 4.2A) and at 2999 and 2909 cm-1 

(Figure 4.2B). Finally, at 388 °C, a shoulder around 1555 cm-1 developed. The 

evolution of intensity was extracted as function of temperature for all bands and is 

presented in Figure 4.3. As observed, the evolution of bands located at 1375, 1392, 

1587, 2909 and 2999 cm-1 follows the same trend with an increase of intensity until 

355 °C and a progressive attenuation of their intensity above this temperature. Clearly 

these bands arise from unique adsorbed species assigned to formate species in 

agreement with previous IR studies (Table 4.2). At higher temperature, both signals at 

1460 and 1555 cm-1 increased. Several assignments could be proposed for these 

bands. The formation of carbonate with sCOO) and as(COO) modes respectively 

could arise from propylene oxidation on the surface of the catalyst. However the 

evolution of intensity of the signal around 1555 cm-1 doesn’t match exactly with the 

one at 1460 cm-1 band. This can reflect the presence of additional signal around 1555 

cm-1 assigned to linear nitrite. Previous IR studies ascribe bands around 1460-1555 

cm-1 to acetate adsorbed on alumina but the absence of signals corresponding to 

methyl group is not in agreement with this assignment.  

 

b) Effect of addition of decane 

Decane was added to previous feed and IR spectra were recorded as a function 

of temperature (Figure 4.4). The global feature of IR spectra remained similar to that 

without the addition of C10H22. IR spectra evidenced the development of band located 

at 1375, 1392, 1587, 2909 and 2999 cm-1 at intermediate temperature previously 

assigned to formate species. The development of carbonate species and nitrite species 

associated with signals at 1460 and 1555 cm-1 arise at high temperature (Figure 4.4A). 
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Figure 4.2 IR spectra of 1 wt% Au/Al2O3 in temperature programmed conditions with NO+CO+C3H6+O2+He in the (A) 2000-1300 cm-1 and 

(B) 3050-2850 cm-1 region. (a) 150 °C, (b) 185 °C, (c) 256 °C, (d) 343 °C and (e) 388 °C. 
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Figure 4.3 Evolution of IR bands intensity on 1 wt% Au/Al2O3 during temperature-

programmed reaction with NO+CO+C3H6+O2+He 

 

At low temperature, the presence of new IR bands at 2960, 2929 and 2860 cm-1 could 

reflect the adsorption of decane on the surface of the catalyst (Figure 4.4B). The 

evolution of intensities as function of temperature is reported in Figure 4.5. At low 

temperature, decane accumulates on the surface of the catalyst and desorbs/reacts with 

increase in the temperature. Formate species concentration reached maximum at 360 

°C whereas carbonate species accumulated above 360 °C. Neither isocyanate nor 

cyanide species could be detected at any temperature under these conditions. 

 

c) Effect of addition of hydrogen and decane 

Simultaneous addition of decane and hydrogen to initial feed was used for the 

characterisation of Au/Al2O3 during NO reduction with hydrocarbons. IR spectra and 

the evolution of intensity vs. temperature are presented in Figure 4.6 and Figure 4.7 

respectively. By contrast to previous experiments, strong changes are mainly observed 

at low temperature (spectrum A) with the appearance of new bands at 2196, 1719,  
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Table 4.2 Assignment of IR bands 

Catalyst Assignments Vibrational 

modes 

Wavenumbers /cm-1 

   Literature 

[reference] 

This study 

Al2O3 Formate (s)OCO 

(s)OCO 

(as)OCO 

CH 

CH 

(a)OCO+CH 

1380 [17] 

1595 [17] 

1395 [17] 

2905 [17] 

2970 [17] 

1375 

1587 

1392 

2909 

2999 

Cu/SiO2 Cu0-NCO 

Cu2+-NCO 

NCO 2230-2240 [18] 

2180-2185 [18] 

 

Au/SiO2 Au-NCO NCO 2180-2186 [19] 2196 

Ag/Al2O3 Al3+-CN  

Ag-CN 

CN 2155 [20] 

2127 [20] 

2180-2196 

2128-2152 

Au/SiO2 Au-NO- NO 1733 [19] 1719 

Co/ZrO2 NO2
- (bridging 

nitro) 

(as)NO2 1545-1530 [21] 1555 

Ag/Al2O3 NO3
- (nitrate B) N=O  

(as)NO2

1580 [22] 

1305 [22] 

1624 

1308 

Ag/Al2O3 Free carboxylate 

COO-/acetate 

(as)OCO 

(s)OCO

1575 [22] 

1465 [22] 

1555 

1457 

 

1624, 1587 and 1308 cm-1 in addition to decane-related signals (2962, 2927 and 2857 

cm-1). The intensity of bands assigned to decane adsorption decreased progressively 

with increase in temperature. Signals at 1719, 1624, 1587 and 1308 cm-1 also 

disappeared until 250-350 °C. The adsorption of NO on gold particles (Au-NO or Au-

NO-) is evidenced with band at 1719 cm-1 in the presence of hydrogen. Addition of 

hydrogen could prevent the superficial oxidation of gold particles. The evolution of 

other bands with temperature was complex but intense signals at 1624cm-1 and 1305 

cm-1 with similar evolution could be isolated and assigned to a nitrate species with 
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Figure 4.4 IR spectra of 1 wt% Au/Al2O3 under temperature programmed conditions with NO+CO+C3H6+C10H22+O2+He in the (A) 2000-1300 

cm-1 and (B) 3000-2800 cm-1 region. (a) 150 °C, (b) 250 °C, (c) 325 °C, (d) 363 °C, (e) 441 °C 
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Figure 4.5 Evolution of IR bands on 1 wt% Au/Al2O3 during temperature-

programmed reaction with NO+CO+C3H6+C10+O2+He 

 

(N=O) and as (ON-O) vibration modes respectively. Additional signal of nitrite at 1587 

cm-1 was observed. The increase in temperature led to the consumption of 

nitrate/nitrite adsorbed species as well as nitrosyl species with complete 

disappearance of corresponding IR signals around 300 °C. 

In the 2250-2000 cm-1 region new bands at 2196 and 2152 cm-1 were observed 

between 130 °C and 270 °C (Figure 4.6C). Bion et al [20] reported on Ag/Al2O3 the 

presence of isocyanate and cyanide species at 2255-2228 cm-1 (Al-NCO) and 2155-

2127 cm-1 (Ag+-CN and/or Al-CN). The band at 2195 cm-1 can be ascribed to Au-CN 

species whereas the one at 2152 cm-1 to Al-CN. The intensity of the band at 2152 cm-1 

decreased with increasing temperature. The band at 2195 cm-1 shifted to 2180 cm-1 

with increasing temperature along with increase in the intensity. Additional band at 

2128 cm-1 corresponding to cyanide species is observed at 409 °C. The presence of 

isocyanate with corresponding signal at 2250 cm-1 could be suggested at high 

temperature. This in turn implies the transformation of –CN species to –NCO species  
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Figure 4.6 IR spectra of 1 wt% Au/Al2O3 in temperature programmed conditions with NO+CO+C3H6+C10H22+O2+H2+He in the (A) 2000-1200 

cm-1, (B) 3000-2800 cm-1 and (c) 2300- 2000 cm-1 region. (a) 130 °C, (b) 269 °C, (c) 330 °C, (d) 363 °C, (e) 409 °C 
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with increasing temperature. It is noteworthy that the formation of cyanide and/or 

isocyanate species was evidenced only in the presence of hydrogen in the feed. At 

high temperature, spectral features assigned to formate species develop until 300 °C 

before diminishing. Above 400 °C signals of carbonate species and nitrite species at 

1457 and 1575 cm-1 predominate. 
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Figure 4.7 Evolution of IR bands intensity on 1 wt% Au/Al2O3 during temperature-

programmed reaction with NO+CO+C3H6+C10+H2+O2+He 

 

4.3.3. Ex-situ XPS measurements 

Surface analysis was performed using XPS measurements. Figure 4.8 shows 

the Au 3f photopeak before and after catalytic tests. On the fresh catalyst, the binding 
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energy value of Au 3f7/2 is 84 eV, which is characteristic of metallic oxidation state of 

gold nanoparticles. After reaction under lean condition in the presence of decane 

(spectrum (b)) or in the presence of decane and hydrogen (spectrum (c)), the B.E. 

values do not vary significantly that confirms the preservation of metallic character of 

gold nanoparticles even at high temperature in presence of excess oxygen.  

The surface concentration of Au was estimated from XPS measurements 

(Table 4.3). As observed, the surface concentration was not significantly affected after 

reaction. The stabilization of gold particles on alumina is evidenced and the 

vaporization of part of gold is not observed even after reaction at 500 °C. These 

results have clearly demonstrated that Au/Al2O3 catalysts exhibit high catalytic 

activity for the reduction of NO with propene, decane and hydrogen in the presence of 

oxygen and moisture. The catalyst was the most active above 350 °C with a complete 

selectivity for N2. Ueda et al [9] have carried out a study of gold supported on  
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Figure 4.8 Au 3f photopeak of Au/Al2O3 (a) fresh catalyst; (b) after reaction under 

NO+CO+C3H6+C10H22+O2+He; (c) after reaction under NO+CO+C3H6+C10 

+H2+O2+He 
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Table 4.3 Semi quantitative analysis by XPS of Au/Al2O3 

Treatment B.E. Au 3f7/2 /eV FWHM* /eV Atomic ratio 

Au/Al 

Calcined 83.8 1.37 0.02 

After reaction under 

NO+CO+C3+C10 

84.1 1.48 0.02 

After reaction under 

NO+CO+C3+C10+H2 

84.2 1.42 0.02 

* FWHM: Full Width at Half-Maximum 

 

different metal oxides (α-Fe2O3, ZnO, MgO, TiO2 and Al2O3) prepared by deposition-

precipitation and coprecipitation methods with different gold loading (0.17-1.2 wt%). 

The reaction gas mixture consisted of 1000 ppm NO, 500 ppm C3H6, 5% O2, 1.8% 

H2O and balance He and the space velocity used was 20000 h-1. Amongst the different 

supports the highest NO conversion to N2 (38%) was obtained on Au/Al2O3 with a 

metal loading of 0.82 wt% at 400 °C prepared by deposition precipitation method. 

Compared to the above data, the activity of 1 wt% Au/Al2O3 in the absence of H2 

(Figure 4.1B) in this study was almost half (20% around 380 °C). This may be due to 

a more complicated gas composition and higher space velocity used so as to represent 

conditions that prevail in actual diesel exhaust. The addition of hydrogen to the feed 

gas strongly enhanced NO reduction to N2 when combined with propene and decane. 

Similar positive effect of hydrogen is well known in the case of supported silver 

catalyst [5]. However temperatures range of Au catalyst is observed at higher 

temperature than the one of silver-based catalyst as illustrated in Figure 4.1. The 

beneficial effect of H2 on NOx reduction over supported gold catalysts is already 

known. Ueda et al in a comparative study of NOx reduction with propane, propene, 

ethane and ethene in the presence of oxygen and moisture reported that the H2 

addition significantly improved the conversion of NO to N2 in the low temperature 

region [11]. In our case however no beneficial effects of H2 on the reduction of NO 

were observed in the low temperature region. This maybe because of the presence of 

CO in the reaction feed, which inhibits the reaction between H2 and NOx at low 

temperature. Macleod and Lambert reported that in the lean NOx reduction with CO + 

H2 over Pt/Al2O3, the surface of the catalyst was poisoned by CO due to strong 



Chapter 4: NO reduction over Au/Al2O3  
 

Ph.D. Thesis National Chemical Laboratory, Pune 
 

103

adsorption and subsequent coverage by CO which in turn increases the temperature 

required to initiate the reaction between NOx and H2 [23]. However, no CO adsorption 

on gold could be evidenced during our IR experiments. In another study, in order to 

understand the effects of H2 on the SCR of NOx under diesel exhausts conditions, 

Abu-Jrai et al [24] carried out H2-SCR over 1 wt% Pt/Al2O3 followed by 

simultaneous addition of CO and hydrocarbon. They reported that in the presence of 

H2 alone the NOx reduction activity peaked at 140 °C whereas in the presence of CO 

and hydrocarbon the maximum temperature peak shifted to higher temperatures (200-

250 °C). It is clear from the above discussion that the presence of CO could be 

detrimental to the NOx reduction activity in the low temperature region through the 

accumulation of inhibiting species (carbonate, isocyanate…) and suppresses the 

beneficial effects of H2. The role of adsorbed species in the NO reduction in lean 

conditions is not clear on supported gold catalyst.  

In the absence of decane and hydrogen, formate species and carbonate/nitrite 

species are observed. NO adsorption on gold is not evidenced under these conditions. 

Lee and Schwank previously claimed that NO does not adsorb on Au/SiO2 and on Au/ 

MgO [24]. Propylene adsorption and oxidation through formate intermediate could 

illustrate the reaction with oxygen and/or NO in lean conditions. The role of formate 

species is of debate but is mostly considered as spectator species on alumina support 

[26]. In the present study, the formation of formate and the evolution of its intensity 

are not promoted by hydrogen that lead to the conclusion that formate are not directly 

involved in the reduction of NO. In the case of silver-based catalyst, isocyanate 

species were proposed to have a role in the DeNOx process [20]. The formation of 

silver cyanide is followed by its transformation into adsorbed Al3+ NCO species that is 

hydrolysed into ammonia. Then, ammonia further reacts stoichiometrically with NO 

leading to high N2 selectivity. This reaction scheme could be discussed in the case of 

gold-based catalysts. In the presence of hydrogen, cyanide species interacting with Au 

or Al are observed. The presence of isocyanate species adsorbed on gold could be 

alternately proposed with the band at 2195 cm-1 as proposed by Solymosi et al [19] 

but the assignment is still under debate. Hydrolysis of those species could promote 

nitrogen formation as proposed by Bion et al [20]. The presence of cyanide and/or 

isocyanate could also reflect the indirect role of hydrogen, i.e. to prevent oxygen 

accumulation on the surface of gold nanoparticles. In case of Au/Al2O3, the role of 
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hydrogen in the reaction mechanism is probably similar to that reported on silver-

based catalyst. Previous studies stated that the oxidation of H2 by O2 arise more 

readily on gold catalysts than the NO2+H2 reaction [11]. The observation of nitrosyl 

adsorbed on metal nanoparticles of gold is an indirect indication of the role of 

hydrogen to prevent oxygen accumulation on the surface of nanoparticles. 

 

4.4.  Conclusion 

The alumina supported gold catalyst has shown good activity and selectivity 

for reduction of NO to N2 under lean conditions. NO reduction to N2 is observed at 

higher temperature as compared to Ag/Al2O3 catalyst under the same reaction 

conditions. Hydrogen did not show any promotional effect on the reduction of NO in 

the low temperature region. By contrast, hydrogen addition promotes NO reduction at 

high temperatures. FTIR studies showed that the addition of hydrogen has prevented 

the accumulation of oxygen on the surface of the catalyst and has increased the 

formation of surface adsorbed species.  
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Chapter 5:  Summary and Conclusions 

 

This chapter delivers the overall summary of the results and highlights 

the key findings. 
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Chapter 5: Summary and Conclusions 

 

This chapter gives a brief summary of the results discussed in previous 

chapters and the overall conclusions derived from the work.  

 

Chapter 1: Introduction 

Chapter 1 provides a general introduction to the field of catalysis followed by 

a brief background about the emission and sources of NOx, its effect on the 

environment and the various emission legislation norms introduced for its control. It 

also gives information about the various emission control strategies that are used for 

the reduction of NOx. The different lean-NOx control technologies used for the 

abatement of NOx are also discussed in this chapter. The use of “three-way catalysts” 

in stoichiometric engines and their ineffectiveness in the reduction of NOx in gasoline 

and diesel engines, which work under lean-burn condition is also discussed.  Finally 

the scope and objective of the present thesis work with a clear emphasis on the 

selective catalytic reduction of NOx with hydrocarbons as reductant is highlighted.  

 

Chapter 2: Support Modification to Improve the Sulphur Tolerance of Ag/Al2O3 

for SCR of NOx with Propene under Lean-Burn Conditions 

Silver (2 wt%) was supported on alumina by wet impregnation method. The 

alumina support was doped with 1 and 2 wt % SiO2 or TiO2 and tested for the SCR of 

NO under lean conditions. The catalysts containing optimum amount of SiO2 or TiO2 

were tested for SO2 tolerance in the presence/absence of water in the feed. The 

catalysts were characterized by different physico-chemical techniques before and after 

the reaction. In the presence of SO2 in the feed the catalytic activity of Ag/Al2O3 

decreased drastically whereas that of SiO2 or TiO2 doped catalysts remained 

unchanged. BET surface area and EDAX data of the catalysts showed sulfur 

accumulation on Ag/Al2O3 after the catalytic tests. No accumulation of sulfur was 

observed on the SiO2 or TiO2 doped catalysts. FTIR spectra of the spent catalysts 

were recorded in order to find out the cause of deactivation.  On Ag/Al2O3 the bands 

at 1384 cm-1 and a broad hump at 1135 cm-1 were detected which were assigned to 

asymmetric and symmetric stretching vibration of O=S=O of sulphate species on 
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Al2O3. These bands were less intense in the case of SiO2 and TiO2 doped catalysts. In 

order to examine the cause of catalyst deactivation in presence of SO2, and to study 

the mechanism of deactivation, in situ FTIR studies were carried out in the absence of 

water. The in situ FTIR study has shown that, in the case of Ag/Al2O3, the 

deactivation of the catalyst is due to the formation of sulphates of silver and 

aluminum which is minimized in presence of SiO2 or TiO2.The most significant 

observation of this study was the increase in the catalytic activity of SiO2 doped 

sample when water was added to the feed. The increase in the activity was attributed 

to partial oxidation of propylene to CO, CO2 and hydrogen by comparison with the 

literature reports. It was noticeable that water addition in the feed in these experiments 

was accompanied with the parallel formation of CO. However the exact reaction 

pathway for the formation of CO and hydrogen in presence of water under the 

experimental conditions of present study is not very clear.  

 

Chapter 3: Effect of Magnesia Modification on the Low Temperature Catalytic 

Activity and Sulphur Tolerance of Ag/Al2O3 System 

A series of Ag-Mg/Al2O3 catalysts were prepared with 2% Ag loading by 

impregnation method. The Mg content was varied from 5.5 wt% to 17 wt%. These 

samples were tested for the selective catalytic reduction of NO with propene under 

lean conditions in presence and absence of SO2 under dry conditions and the catalytic 

activity was compared with that of Ag/Al2O3. The addition of magnesium showed 

beneficial effect on NO reduction activity. In the series containing varying Mg 

loadings (5.5 to 17 wt% Mg), catalyst containing 7% Mg showed maximum activity 

with 98% NO conversion at 350 ºC whereas catalyst containing 17% Mg loading 

showed minimum activity with 59% NO conversion under identical conditions. The 

increase in the catalytic activity upon addition of Mg was correlated with the decrease 

in the total acidity of the support. The presence of Mg helped in the low temperature 

activation of C3H6, which in turn resulted in higher NO conversion. The order of 

activity for the catalysts was Ag7%Mg/Al2O3 > Ag5.5Mg/Al2O3 > Ag11%Mg/Al2O3 

> Ag17%Mg/Al2O3 > Ag/Al2O3 at 623 K. The sample with best activity 

(Ag7%Mg/Al2O3) was tested for sulfur tolerance under dry conditions as a function of 

time. In the presence of 20 ppm SO2 in the feed, the NO conversion decreased 

marginally to 90% at 350 °C. The in situ FTIR study has shown that the deactivation 



Chapter 5:Summary and Conclusions  
 

Ph.D. Thesis National Chemical Laboratory, Pune 
 

110

in the case of Ag/Al2O3 catalyst is due to the sulphation of active sites (Ag). In the 

presence of Mg, the sulphation of silver sites is prevented and therefore the activity 

maintained.  

 

Chapter 4: NO Reduction under Diesel Exhaust Conditions over Au/Al2O3 

Au/Al2O3 was prepared by deposition-precipitation method and NO reduction 

was carried out under diesel exhaust conditions and the catalytic activity was 

compared with Ag/Al2O3 sample. In this study the reaction feed was more 

complicated as compared to the previous chapters. The reaction feed consisted of 300 

ppm NO, 300 ppm CO, 300 ppm C3H6, 100 ppm C10H22, 2000 ppm H2 (when 

present), 10% O2, 10% CO2, 5% H2O and balance He. The effect of presence of H2 in 

the feed on the catalytic activity as a function of temperature was also studied. 

Addition of H2 to the feed had a beneficial effect on the NO reduction activity. In the 

absence of H2, Au/Al2O3 catalyst showed ~ 20% NO conversion and 100% selectivity 

for N2 in the temperature range 300-350 °C. When H2 was added to the reaction 

mixture the NO reduction increased to ~ 60% and the selectivity to N2 remained 

unaffected. At higher temperatures, in the presence/absence of H2 the NO conversion 

decreased due to competitive oxidative reactions of the reductants. Infrared 

experiments were carried out to study the effect of addition of decane and H2 to the 

feed on the nature of adsorbed species formed on the catalyst surface. In the absence 

of C10H22 and H2, only formate and nitrite species were detected on the catalyst 

surface. Upon addition of C10H22 alone, the global feature of the IR spectra remained 

the same except that adsorption of decane was evidenced at low temperature. 

Simultaneous addition of C10H22 and H2 led to strong changes in the IR spectra. The 

adsorption of NO on Au nanoparticles and the formation of Au-CN and Al-CN 

species was enhanced in the presence of H2. With increase in the temperature the –CN 

species were transformed into –NCO species, which is an important intermediate in 

the SCR of NO to N2.  

In conclusion the objective of the thesis which was to improve the low 

temperature catalytic activity, the hydrothermal stability and the sulphur tolerance of 

Ag/Al2O3 system in NO reduction was achieved by modification of the alumina 

support with SiO2, TiO2 and MgO. The mechanistic aspects of these improvements 

have been investigated by in-situ FTIR study to follow the reaction pathways. 
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Similarly Au/Al2O3, a less studied catalyst system for the SCR of NOx has also been 

investigated in detail under lean condition. This catalyst system showed promising 

results in the presence of H2. Detailed in-situ FTIR study of the adsorption and co-

adsorption of the different gas components at different temperatures was done to find 

out the nature of the adsorbed species formed on this catalyst system.  
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