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Abstract 

Cu-impregnated zeolite-based catalysts have been presented and discussed in this 

research thesis for the practical application of passive type HC-SCR system. The Cu/zeolite 

catalysts were prepared by an incipient wetness impregnation method by varying the Cu 

loading in a range of 1–10 wt%. The zeolite supports have different their frameworks, 

including SSZ-13 (CHA framework), ZSM-5 (MFI framework), and BETA (BEA 

framework). Several techniques, including HC/NOx ratio, hydrocarbon reductant, Cu content, 

zeolite framework, coexistent gas, and reaction environment (catalytic reactor system), were 

systematically explored and their effects on the NOx removal efficiency of Cu/zeolite 

catalysts were assessed.  

The loading levels of Cu metal species were close to the theoretical loading amount, 

suggesting successfully introduction of Cu species. The XRD patterns demonstrated that the 

impregnation of Cu did not affect any modification of the respective zeolite structures. When 

increasing the Cu loading, chemical shift of 27Al shifted to lower region, indicating the 

variation of average Al‒O‒Si angles in the zeolite framework. The valence states of Cu 

species were mainly presented as isolated Cu2+, d-d transition of Cu2+, and CuO clusters. The 

Cu/zeolites were more in favorable for the formation of CuO clusters with an increase in the 

Cu loading. The intra-crystalline diffuse diameter of respective zeolites affected the particle 

diameter of Cu, which was severely agglomerated over the SSZ-13 zeolite.  

Cu/zeolite catalysts were evaluated for the main purpose of reducing NOx emissions by 

the C3H6-SCR process in the presence of O2, CO, CO2, and H2O. To reach a high NOx 

conversion, a high HC/NOx ratio was needed. Increasing the HC/NOx ratio was favorable 

for the catalytic activity more reducing agnent could be available during the C3H6-SCR 

process. Among the prepared Cu/zeolite catalysts, 2Cu/ZSM-5 demonstrated the highest NOx 
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conversion to N2 (68.5% at T = 360℃) at the highest HC/NOx ratio, followed by 1Cu/SSZ-

13 (58.2% at T = 420℃) and 10Cu/BETA (56.1% at T = 375℃). Thus, the ZSM-5 zeolite, 

with a medium pore framework, was better suited for the C3H6-SCR process than SSZ-13, 

with a small pore framework, and BETA, with a large pore framework. The presence of 

isolated Cu2+ ions provided active sites for NOx reduction. 

The effects of the zeolite framework and Cu loading on the catalytic activity for the 

C4H10-SCR were evaluated. The Cu loading improved the NOx conversion and shifted the 

temperature window of the maximum NOx conversion to lower regions compared to those 

for the parent zeolites. 2Cu/ZSM-5 exhibited the best de-NOx performance with nearly 74% 

at 465℃, followed by 10Cu/BETA (58% at T = 465℃) and 1Cu/SSZ-13 (38% at T = 585℃). 

These results were related to the effect of geometry-limited diffusion of C4H10 in the 

respective zeolite channel system, in which the reductant had easy access to the active sites 

in the channels of ZSM-5 and BETA zeolite, but the diffusion of C4H10 was highly restricted 

in the SSZ-13 channels. 

Increasing the O2 concentration in the feed gas had a positive effect on the de-NOx 

performance because the partial oxidation of hydrocarbons was enhanced at relatively low 

temperatures, indicating that O2 is essential gas in HC-SCR process. However, a negative 

effect was observed when CO2 was introduced in the feed gas because NOx adsorption and 

partial oxidation of hydrocarbos were highly inhibited by coexistent CO2. When O2 was not 

introduced, the NOx conversion increased with the reaction temperature, reaching 98% NOx 

conversion, but this condition induced an undesired side-reaction, producing a large amount 

of NH3. The drop in NOx conversion after hydrothermal aging was attributed to the inhibitory 

effect of partial oxidation of hydrocarbons. The deactivation of the catalytic activity also 

induced the collapse of micropores, Cu sintering, and a drop in the zeolite crystallinity. 
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Chapter 1. Introduction 

1.1 Background 

Thanks to Rudolf Diesel (1858‒1913), who firstly invented an internal-combustion 

diesel engine in 1898 [1], diesel engine has been utilized as a primary power source in the 

field of industry and transportation. The diesel engines for the passenger and commercial 

transportation particularly hold a significant market share in Europe, and their market share 

has captured more than 50% for the market [2]. They offer numerious advantages over the 

counterpart spark-ignited gasoline engines. The engine generally operates at a high 

compression ratio ranging from 16 to 22, thereyby improving the thermal-energy efficiency. 

Furthermore, the fuel combustion is also auto-ignition and takes place at very high air-to-fuel 

(A/F) ratios, leading to improvement of fuel economy as well as decrease in the amount of 

carbon dioxide (CO2). However, current diesel engine is one of the major contributors to air 

pollution largely due to the harmful emissions; a diesel engine produces nitrogen oxides 

(NOx), carbon monoxide (CO), unburnt hydrocarbons (UHCs), and particulate matter (PM). 

Over the last few decades, atmospheric pollutions emitted from both stationary and 

vehicle sources have been one of the major threats to all mankind, which has already received 

much attention how to deal with these pollutants. The large anthropogenic emissions of 

pollutants have been substantially increased, leading to a negative contribution to climate 

changes including global warming and ecological system as well as severe health risks [3]. 

Fortunately, to minimize these harmful emissions from a vehicle tail pipe, many feasible 

measures are focused largely on the engine management, alternative fuels, control of 

combustion including fuel injection, exhaust gas recirculation (EGR), catalytic reduction 

using after-treatment system, and diesel particulate filter (DPF).



  

Chapter 1. Introduction 1.2 Worldwide trends on automotive emission regulations

 

2 

1.2 Worldwide trends on automotive emission regulations 

Figure 1.1 summarizes an overview of automotive emission regulations for passenger 

vehicle in Japan, Europe and United States, in which these countries have established by far 

the tightest regulations around the world. Each country has independent regulations, and a 

variety of stringent regulations are being taken to restore the atmospheric quality. Vehicles 

have commonly been evaluated on a certificated chassis dynamometer for testing the 

emission regulations and fuel consumption simultaneously with authorized vehicle test cycles; 

those are known as driving test cycles [4, 5], as illustrated in Figure 1.2. The driving cycles, 

for example, that had been introduced in the European Union for the passenger and light-duty 

vehicles were the urban driving cycle (ECE-15) and the ECE + EUDC beginning with Euro 

I regulation in 1992; the combination cycle of ECE and EUDC are known as a New European 

Driving Cycle (NEDC) from 2000 [4, 6, 7]. In the case of Japan, the regulation was first 

introduced by the Air Pollution Control Law in 1966, and it was established for spark-ignited 

light-duty vehicles in 1966 [8]. The J10-15 mode consists of three replications of J10 mode 

followed by one J15 mode (Figure 1.2(a)); the total distance and maximum speed is 

approximately 4.16 km and 70 km/h, respectively. Japanese authorities also introduced the 

JC08 test cycles as of 2009, in an attempt to reflect real driving conditions [9]. 

There are numerous types of vehicles depending on the countries with different 

displacement, specifications, and for this reason a new test procedure has been considered to 

make universal driving cycle as much as possible on a global scale; concretely, the major 

conference that is the World Forum for Harmonization of Vehicle Regulations (WP.29) was 

held under the United Nations Economic Commission for Europe (UNECE) [10, 11]. 

Subsequently, the worldwide harmonized light-duty driving test cycle (WLTC, Figure 1.2(d)) 

was developed with the aim to harmonize emission test procedures for light-duty vehicles; in 
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the case of WLTC class 3b, the total distance is 23.266 km/h, and the maximum speed is 

131.3 km/h [4, 12]. Currently European NEDC procedure will be replaced by this WLTC 

occurring over 2017‒2019 in European Union, as illustrated in Figure 1.1. 

As mentioned above, the environmental awareness of exhaust emissions from vehicles 

has been elevated all over the world. Among various vehicle emissions, NOx, CO, HCs and 

PM are under control by strict emissions regulations [5, 13]. This is the fact that the majority 

of harmful emissions is related to road transportation equipped with internal combustion 

engines using fuels derived from fossil fuels [14]. The order of magnitude of the relative road 

transport in the total exhaust emissions of carbon monoxide, ammonia, non-methane volatile 

organic compounds (VOC), nitrogen oxide, particulate matter (PM10 or PM2.5), and sulfur 

oxide is shown in Figure 1.3 [15]. From these data, it turns out that road transport is one of 

the major sources of carbon monoxide and nitrogen oxide. 

 

 

 

 

 

Figure 1.1 Historical overview of automotive emission regulations for diesel passenger 

vehicle. 
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Figure 1.2 Speed profiles of authorized driving cycles for the determination of emissions and 

fuel consumption from light-duty vehicles: (a) Japan 10-15 mode, (b) Japan JC08 mode, (c) 

NEDC mode, and (d) WLTC (class 3b) mode. 

 

 

 

 

 

Figure 1.3 Share of EEA-33 emission of main air pollutants by sector group (European 

Environment Agency, emissions of the main air pollutants in Europe, reprinted from ref. [15]). 
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Over the last few decades, the number of countries enacting the legislative emissions 

regulations in force for these kinds of emissions (NOx, CO, HC, and PM) grew at a highly 

rate. The regulated emission trends have been lowered continuously, as illustrated in Figure 

1.4. For example, in European Union the quantity of NOx emission (Figure 1.4(b)) was 

regulated at 0.5 g/km in Euro III stage, and this value was substantially reduced to 0.05 g/km 

in Euro VI stage. Although there is a wide variation in the level of regulation, the common 

characteristic on emission trends employed is expected that emission limits will continue to 

be tightened from now onwards [16‒18]. The transition of emissions regulations has driven 

technological changes in the control of vehicle emissions from the diesel vehicle to comply 

with the strict emission limit, mostly by advanced automotive after-treatment technique [2]. 

 

 

 

     

 

Figure 1.4 Worldwide trend on emissions regulations for passenger vehicle in (a) Japan, (b) 

European Union, and (c) United States. 
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1.3 Automotive emission control techniques 

The initiative of automotive emissions regulations in the United States, European Union 

and Japan has been followed by the worldwide emission regulations in many countries, and 

these emissions regulations of varying stringency now exist in over 30 nations [19]. To meet 

the vehicle emissions regulations, there are two representative techniques available now 

which are so-called pretreatment and after-treatment, respectively. 

The pretreatment is completely dependent upon the engine management or alternative 

fuels, which offers a possibility to abate the formation of harmful emissions during the 

combustion period. This technique is also related to the modicifications of fuel-injection 

process; modern fuel-injection system for diesel vehicles is required to fulfill the control of 

injection pressure, injection rate, and flexible timing [20‒23]. On the other hand, the after-

treatment techniques can help abatement of toxic emissions before being emitted into 

atmosphere. These techniques utilize typically the catalytic converters and diesel particulate 

filter (DPF) that is an open or close monolithic structure allowing exhaust gases to pass 

through the catalytic converter with some active phases coating applied to the channel walls 

of the monolithic converter [24‒29]. In automotive applications, the monolith substrate is 

commonly made from ceramic cordierite (2MgO∙2Al2O3∙5SiO2: 14% MgO, 35% Al2O3, and 

51% SiO2), having high melting temperature of 1,500℃ and low expansion coefficients. To 

understand the past and present automotive emission control techniques in more detail, the 

pretreatment and after-treatment systems will be reviewed in the following sections. 

 

1.3.1 Recent techniques on pretreatment 

The pretreatment technique is associated with the engine management or modification, 

which plays an important role to reduce automotive emissions as well as to improve both the 
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engine performance and fuel efficiency. The exhaust gas recirculation (EGR) has been 

utilized as one of the most popular solutions for an in-cylinder NOx control; EGR offers a 

way to abate NOx emissions by returning a certain ratio of exhaust into the intake manifold, 

thereby decrease in combustion temperatures and oxygen concentration, as illustrated in 

Figure 1.5. Theoretically, increasing heat capacity of in-cylinder combustion products, vapor 

and carbon dioxide, affects the local temperature in a combustion chamber [30]. Since NOx 

is formed by the Zeldovich mechanism, also called the thermal NOx mechanism, reducing 

the combustion temperature can help a theoretically effective suppression of NOx emissions. 

Therefore, the EGR is an established technique to reduce NOx emissions, however it is 

apprehended that the reduction of NOx with EGR can lead to complex and sometimes 

opposite phenomena [31‒33]. Maiboom et al. [32] have reported some effects of EGR (intake 

temperature, the rate of heat release, and stoichiometric air-fuel ratio) on combustion and 

emissions with a typical high-speed direct injection (HSDI) engine. They have concluded 

from the experiment that NOx and PM emissions could be suppressed using high EGR rates 

at constant boost pressure. However, high EGR rates induce a negative effect on brake-

specific fuel consumption, CO, and HC emissions. 

The fuel-injection strategy also plays a significant role in improving engine performance 

and abatement of harmful emissions at the same time. High injection pressure generally leads 

to small droplet size of atomized fuels, resulting in improving combustion characteristics and 

decrease in PM emissions. This can be described why recent diesel vehicles have adopted 

high pressure common rail injection systems. In addition, multiple fuel injections along with 

common rail system have been extensively researched because it makes more homogeneous 

mixtures due to decrease in spray penetration and promoting the amount of fuel evaporation 

in the cylinder [23, 34]. 
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The national program of greenhouse gas emissions (GHG) demands that carbon dioxide 

(CO2) emissions should be further reduced, as illustrated in Figure 1.6. The abatement of CO2 

emissions can be achieved either via increase in thermal efficiency of engine or using 

alternative fuels such as biofuels. There are two feasible alternative fuels, in general 

bioalcohol/bioethanol and biodiesel [35]. To accomplish the GHG target, several 

improvements in thermal management, friction reduction and combustion efficiency have can 

help to reduce the fuel consumption [36]. Furthermore, an optimization of fuel injector and 

advanced design of combustion chamber can help drop in the fuel consumption. 

 

 

 

 

 

 

Figure 1.5 Schematic configuration of exhaust gas recirculation (EGR) (Reprinted by 

permission from Springer Nature of ref. [23]). 
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Figure 1.6 Historical trends of CO2 emission, fuel economy, and future targets of passenger 

vehicles in (a) European Union, (b) United States, (c) South Korea, and (d) Japan. 

 

 

1.3.2 Three–way catalyst (TWC) 

Automotive catalysts for the abatement of vehicle emissions have been developed since 
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required to simultaneously convert the CO, NOx and HCs into CO2, H2O and N2. The three–

way catalyst (TWC) was developed as an effective solution to simultaneously reduce CO, 

NOx and HCs for gasoline vehicle. Because all three major emissions could be purified by 

this catalyst, the concept was christened the three-way catalyst [5]. The related reaction in the 

TWC can be described by the following reactions [39‒41]: 
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 2 2

1
CO O CO

2
   (1.1)

 2 2 2C H O CO H O
4 2m n

n n
m m
     
 

 (1.2)

ii) NO reduction reactions 

 2 22CO 2NO N 2CO    (1.3)

 2 2 2C H 2 NO N CO H O
2 4 2m n

n n n
m m m           

   
 (1.4)

 2 2 22H 2NO N 2H O    (1.5)

iii) Hydrogen production reactions (water-gas shift and steam reforming reaction) 

 2 2 2CO H O CO H    (1.6)

 2 2 2C H H O CO H Om n     (1.7)

 

Figure 1.7 represents a catalytic performance of TWC as a function of the air to fuel 

(A/F) ratios. The TWC can reach high rate of conversion of CO, NOx and HCs at a very 

narrow A/F ratio, in which three major emissions can be only reduced close to a 

stoichiometric range (A/F ratio = 14.5). When the engine runs in fuel rich atmosphere, the O2 

concentration is insufficient for the oxidation reaction of CO and HCs. On the contrary, the 

engine effectively improves the fuel efficiency under fuel lean atmosphere, however NOx 

reduction is extremely difficult due to oxidation of available reductants with high levels of 

coexistent oxygen. As a result, the engine should be operated in a very narrow range of A/F, 

and the traditional TWC is only effective as the catalytic convertor for gasoline engine to 

reduce NOx at the stoiometric point. 

Rhodium (Rh) as an active material plays an important role in the TWC for the effective 

abatement of CO, NOx and HCs [42]. However, Rh supported on the alumina (Rh/γ-Al2O3) 

has been known for having many drawbacks under an oxidizing atmosphere. Beck et al. [43] 
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Figure 1.7 Catalytic performance of three–way catalyst and fuel consumption as a function 

of air to fuel (A/F) ratios over a spark-ignited engine (Reprinted by permission from Elsevier 

of ref. [38]). 

 

 

have reported that Rh easily reacts with the γ-Al2O3 support to form different phases at high 

temperatures, resulting in losing its catalytic activities. An addition of cerium(IV) oxide (ceria, 

CeO2) has been proved to be effective to enhance the thermal tolerance of Rh/γ-Al2O3 

catalysts; in fact, CeO2 was found to be a significant oxygen storage capacity (OSC), while 

γ-Al2O3 could not store or release O2 under the vehicle exhaust conditions [44]. Recently, 

Han et al. [45] and Wang et al. [46] investigated the enhancement of the water-gas shift 

reactions (WGSR) and steaming reforming reactions (SRS) for the TWC, which favors the 

further removal of CO and HCs. The incorporation of zirconium(IV) dioxide (zirconia, ZrO2) 

into the CeO2 also improved the catalytic performance of oxygen storage capacity (OSC) as 

well as stabilized CeO2 particles against the hydrothermal sintering. 
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engines and lean-burn gasoline engines operate under fuel lean atmosphere with a higher A/F 

ratio than the stoichiometric conditions. Although the lean-burn combustion has many 

benefits due to its higher fuel efficiency and lower CO2 emission, NOx emission cannot be 

efficiently reduced over the conventional TWC, especially in the presence of excess O2 [47‒

50]. Thus, NOx storage-reduction (NSR) catalyst emerged as an alternative after-treatment 

technology for passenger diesel vehicles to control NOx emissions in the fuel-lean operating 

conditions. 

The NSR technique was first invented by Toyota Motor Corporation in 1990s [47, 51‒

53], and this catalyst, also referred to as a lean NOx trap (LNT) or NOx adsorber catalyst 

(NAC), was commercially released on the market [54]. Figure 1.8 schematically shows the 

related mechanism of NOx storage-reduction and a profile of NOx during repetitive lean or 

rich operation; the NSR catalyst works under repetitive conditions in the oxygen-rich and 

fuel-rich environments. The NSR catalyst consists of the precious group metal (PGM), NOx 

storage component and support that the general composition is Pt/BaO/Al2O3 [55‒62]. When 

an engine operates in the lean-burn environment, NO is converted on the PGM surface into 

NO2, and then there is a relative slow increase in the NOx concentration in the catalyst outlet. 

This phenomenon indicates that both NO and NO2 are stored on the storage component in the 

form of nitrite or nitrate species. Before NOx storage capacity reaches the saturation level, 

the A/F ratio is changed to a fuel-rich mixture which leads to successfully reduce the stored 

NOx to N2 due to the coexistent reductants. Based on these findings, periodic NOx storage 

and reduction cycle is the novel concept, namely the NSR catalysts [54]. The related reactions 

of the NOx storage and reduction for this catalyst are described in the following steps [48, 62, 

63]: 

i) Storage of NO at BaO or Ba(OH)2 sites close to Pt sites 
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 *
2O 2O  (1.8)

 2 2Ba 2NO O Ba(NO )    (1.9)

  3 2Ba 2NO 3O Ba(NO )    (1.10)

 2 2 2 2Ba(OH) 2NO O Ba(NO ) H O     (1.11)

 2 2 3 2Ba(NO ) 2O Ba(NO )   (1.12)

ii) Ba(NO3)2 formation via oxidation of NO to NO2 

 2 2

1
NO O NO

2
   (1.13)

 2 2 2 3 22BaO 4NO Ba(NO ) Ba(NO )    (1.14)

 2 3 2BaO 2NO O Ba(NO )    (1.15)

 2 2 3 2 2Ba(OH ) 2NO O Ba(NO ) H O     (1.16)

iii) Reduction reaction of stored NOx 

 2 2 2 2 2Ba(NO ) 3H BaO N 3H O     (1.17)

 3 2 2 2 2Ba(NO ) 5H BaO N 5H O     (1.18)

iv) Overall reaction of NSR catalyst 

 2 2O O
2 2 2 3 2NO NO Ba(NO ) Ba(NO )    (1.19)

 2 2HC, H , CO HC, H , CO
3 2 2 2 2 2Ba(NO ) BaO NO N CO H O      (1.20)

 

 

Although many studies have demonstrated the catalytic phenomena of NSR catalysts, 

the reaction mechanism of NOx storage and reduction has not been clearly clarified. The 

NSR system operates under cyclic conditions by alternating long-lean phases (60‒90 s) 

during which NOx is captured on the NSR surface, with short-rich phases (3‒5 s) during 

which the stored NOx is reduced into N2. As mentioned above, a typical NSR catalyst 
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Figure 1.8 NOx profiles during the lean-rich cycles for adsorption and reduction of NOx over 

the NOx storage-reduction catalyst. 

 

contains alkaline earth or alkaline metals such as barium (Ba) and potassium (K) to effectively 

store NOx, PGM such as platinum (Pt) with rhodium (Rh) or palladium (Pd) to oxidized NO, 

HCs and CO as well as to reduce the stored NOx, and support with a high BET surface area 

such as alumina (Al2O3), in which the active metals are dispersed evenly [62]. The catalytic 

material adopted is alumina (Al2O3), barium (Ba) and platinum (Pt), which is the major 

components of NSR catalyst [54]. 

The PGM of NSR catalyst plays several key roles in the respective NOx storage and 

reduction step. Especially the oxidation of NO into NO2 is an initial reaction in the NSR 

mechanism, because the BaO or Ba(OH)2 can effectively store NO2 compared to NO. The 

major species stored on the catalyst surface was identified as nitrate (NO3
−) by infrared (IR) 

spectroscopy [47]. Forzatti et al. [64] have reported that the presence of Pt–Ba couples (Pt–

Ba interaction) is relevant for the nitrite or nitrate route, as illustrated in Figure 1.9. 

Furthermore, the effect of Pt dispersion on the performance of NSR catalyst has been widely 

investigated [65−67] because the particle sizes of respective Pt affected both the NO 
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oxidation and NOx reduction. 

A typical layout of after-treatment system with combined EGR, NSR and DPF is 

illustrated in Figure 1.10. In this configuration, the diesel oxidation catalyst (DOC) is placed 

in front of the NSR catalyst, which can facilitate oxidation reactions of CO and HCs into CO2 

and H2O, and NO oxidation into NO2. Thus, ratio of NO2/NOx in the exhaust increased, and 

the increased NO2 can be easily stored on the behind NSR catalyst. 

 

 

Figure 1.9 Reaction pathways for NOx oxidation and NOx adsorption over the Pt-Ba/Al2O3 

catalysts (Reprinted by permission from Elsevier of ref. [64]). 

 

 

Figure 1.10 Layout of automotive after-treatment system equipped with EGR, NSR and DPF 

system (Reprinted by permission from Springer Nature of ref. [23]). 
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1.3.4 Selective catalytic reduction by urea (urea-SCR) 

Since the selective catalytic reduction using urea as a reductant (urea-SCR) was 

introduced in the stationary plant in 1978 [68], this system has been intensively investigated 

to apply it to automobile after-treatment system, especially for suppression of NOx emission 

in the heavy-duty diesel vehicle. Urea-SCR was also introduced as European automotive 

technique to comply with the Euro IV regulation, and it was applied to light-duty and 

passenger vehicles in the United States and Europe. The urea-SCR technique is the fact that 

ammonia (NH3) is the primary reductant that is derived from an aqueous urea solution 

because it is difficult to deal with the pure NH3 regarding storage, toxicity, stability and so 

on. European automotive makers made a common consensus on the utilization of 32.5% 

aqueous urea solution for commercial vehicles [19]. Nowadays, this system becomes the most 

representative after-treatment technique for abatement of NOx emission. 

Basically, the urea-SCR reactions proceed via three steps, including standard, fast and 

slow reaction; molar ratio of respective NO, NO2 and NH3 determines above reactions: 

 

i) Standard SCR reaction 

 3 2 2 24NO 4NH O 4N 6H O     (1.21)

ii) Fast SCR reaction 

 2 3 2 2NO NO 2NH 2N 3H O     (1.22)

iii) NO2–SCR reaction (slow SCR reaction) 

 2 3 2 23NO 4NH 3.5N 6H O    (1.23)

 

Reaction (1.21) is the standard SCR reaction, which is the main reaction because the NOx 

emitted from the diesel vehicle is comprised of more than 90% NO. The standard SCR 
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reaction represents an equimolar ratio of NO and NH3 with a consumption of one mole of 

oxygen. This reaction without oxygen is very slow, and it is not applicable for exhaust after-

treatment system [69]. The reaction (1.22) with equimolar amounts of NO and NO2 is the 

fastest and highly desired reaction. On the other hand, if the NO2 ratio increases, reaction 

(1.23) can be predominant in the SCR reaction that is the lowest reaction rate. 

The NO2/NOx ratio in the raw exhaust is very low less than 10%, as illustrated in Figure 

1.11(a). An addition of DOC upstream the urea-SCR (Figure 1.11(b)) can significantly help 

enhance the fast SCR reaction, in which a part of engine-out NO could be oxidized into NO2. 

In this DOC + SCR layout, the oxidation rate of NO into NO2 should be controlled at nearly 

NO2/NOx ratio = 0.5 because the NO2–SCR reaction occurs, when the NO2/NOx ratio 

exceeds this value (NO2/NOx ≥ 0.5). 

An example of typical on-board urea-SCR system for automobile is illustrated in Figure 

1.12. The urea aqueous solution is injected and atomized via the exhaust gas stream, and then 

the pure urea undergoes multiple reactions by the following steps to yield available NH3: 

 

i) Evaporation of urea aqueous solution 

 2 2 2 2 2NH CO NH  (aqueous) NH CO NH  (molten) H O (gas)x      (1.24)

ii) Thermal decomposition of urea 

 2 2 3NH CO NH  (molten) NH  (gas) HNCO (gas)    (1.25)

iii) Hydrolysis of isocyanic acid (HNCO) 

 2 3 2HNCO (gas) H O (gas) NH  (gas) CO  (gas)    (1.26)

iv) Overall reaction 

 2 2 2 3 2NH CO NH  (aqueous) H O (gas) 2NH  (gas) CO  (gas)     (1.27)
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(a) Urea-SCR system without upstream diesel oxidation catalyst 

 

 

(b) Urea-SCR system with upstream diesel oxidation catalyst 

Figure 1.11 Layout of urea-SCR system to reduce the NOx emissions for enhancing the fast 

SCR reaction with a DOC. 

 

 

 

 

Figure 1.12 On-board urea-SCR system incorporating DOC, urea doing control unit and NOx 

sensor. 
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Reaction (1.24) is the evaporation of atomized urea solution from the urea water solution to 

molten urea, and then this atomized urea is thermally decomposed via reaction (1.25), 

yielding one mole of NH3 and isocyanic acid (HNCO), respectively. Subsequently, HNCO 

yields another NH3 via the hydrolysis of HNCO with H2O [70]. When the urea is supplied in 

the exhaust line below 200℃, the hydrolysis reaction of HNCO and thermal decomposition 

is limited. Unfortunately, the use of urea aqueous solution usually induces some unexpected 

disadvantages including undesirable formation of solid deposits, especially at low 

temperature. 

As illustrated in Figure 1.13, biuret (NH2–CO–NH–CO–NH2) is formed by the reaction 

of HNCO with urea above the melting point of urea (≥133℃) [71]. Some byproducts, biuret 

and cyanuric acid, are also observed at the temperatures up to 300℃; it is known that biuret 

is formed at 150–190℃ and the formation of cyanuric acid (C3N3(OH)3) is predominant at 

tempratures of 200–300℃ [72, 73]. Because these byproducts are unfavorable for the 

subsequent urea-SCR, some feasible measures have been implemented, including a high 

spray quality and use of catalysts for promoting the hydrolysis reaction of HNCO [74, 75]. 

 

 

Figure 1.13 Reaction scheme for decomposition of urea aqueous solutions with the biuret and 

cyanuric acid (Reprinted by permission from Elsevier of ref. [71]). 
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Up to date, urea-SCR technique has been extensively investigated to elucidate the 

complex reaction schemes and active-catalytic materials. From a practical point of view, 

some promising candidates applied to urea-SCR or NH3-SCR have been studied: for example, 

the catalysts contain metal oxides supported on titanium(IV) oxide (TiO2), silica (SiO2), 

vanadium(V) oxide (V2O5), tungsten(VI) oxide (WO3), and zeolites. Among the various 

compositions of the urea-SCR catalyst, the ion-exchanged metals such as iron (Fe) or copper 

(Cu) on zeolites have been focused from academia and industrial area due to their high 

activities and cost effectiveness compared to other materials. The primary differences 

between iron and copper ion-exchanged zeolites are the active-operating temperature for NOx 

abatement. For the last few decades, Cu/ZSM-5 and Fe/ZSM-5 that are the most promising 

catalysts have been considered as the suitable SCR catalyst. Cu/ZSM-5 is suitable for which 

the reaction temperature is below 450℃. Whereas, Fe/ZSM-5 catalyst is preferred at 

temperatures from 450 to 600℃ [76, 77]. To widen the operating ranges, a combination of 

copper and iron has been also attempted, and the combined system demonstrated that the 

operating temperature could be expanded to some extent. 

Figure 1.14 shows the catalytic performance of commercial Fe/ZSM-5, Cu/ZSM-5 and 

V2O5/WO3-TiO2 catalyst coated on the monolithic cordierite substrate. Cu/ZSM-5 is even 

higher NOx conversion than that of Fe/ZSM-5 and V2O5/WO3-TiO2 catalyst at T ≤300℃, and 

Cu/ZSM-5 is more active than V2O5/WO3-TiO2 at high temperatures, T ≥500℃ [78]. 

Fe/ZSM-5 exhibits the lowest NOx conversion below 500℃, whereas it is more active than 

Cu/ZSM-5 and V2O5/WO3-TiO2 at higher temperatures above 500℃. From the results of 

Figure 1.14, Cu/ZSM-5 catalyst is the best choice for the low and medium temperature ranges. 

V2O5/WO3-TiO2 catalyst seems to be suitable for a broad intermediate temperature range, 

whereas Fe/ZSM-5 catalyst appears to be a best option for high temperature applications [78]. 
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Figure 1.14 NOx conversion efficiency as a function of reaction temperature over Fe/ZSM-

5, Cu/ZSM-5 and V2O5/WO3-TiO2 catalyst. 

Feed gas: 1000 ppm NO, 10% O2, 5% H2O, 1000 ppm NH3 at GHSV = 52,000 h−1 (Reprinted 

by permission from Elsevier of ref. [78]). 
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according to the following reactions [79]: 

 

 2 2 2 3 2Ba(NO ) 6H 2NH BaO 3H O     (1.28)

 3 2 2 3 2Ba(NO ) 8H 2NH BaO 5H O     (1.29)

 3 2 2 3 2 2Ba(NO ) 8H 2NH Ba(OH) 4H O     (1.30)

 

The yield of NH3 in the fuel-rich phase over the LNT catalyst is proscribed, and these 
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further improving the de-NOx performance via the selective catalytic reaction as well as 

reducing unreacted NH3 slip. The formed NH3 on the LNT catalyst is captured on the 

downstream SCR catalyst, in which it subsequently can react with NOx during the fuel-lean 

period [80–83]. 

The first commercial LNT+SCR system was released to the United States market in the 

form of the 2007 E320 BlueTEC emission control system for light-duty vehicle [84]. The 

schematic layout of the catalyst system for the combination of LNT+SCR system is illustrated 

in Figure 1.15, in which the BlueTEC system uses a DOC and DPF to reduce CO, HC and 

PM emissions. This combined LNT+SCR can improve the NOx conversion over a stand-

alone LNT without increase in fuel consumption, and it can also supress the NH3 slip [85]. 

When H2 is used as a reductant, the typical Pt–Ba/Al2O3 is highly selective for the 

formation of N2 or NH3, depending on the supplied H2, amount of stored NOx, and catalytic 

reaction temperatures. Therefore, optimum management of the operating environments for 

the NOx adsorption and NOx reduction can help the selectivity to N2 or NH3 [85, 86]. 

The LNT+SCR combined system has been extensively studied regarding durability of 

hydrothermal aging [81], the effect of catalyst layout [87], operating conditions such as space 

velocity [88] and the effect of volume in the combined system [89]. In the downstream SCR 

catalyst, non-noble metals such as Fe and Cu ion-exchanged over the Beta or ZSM-5 zeolites 

 

 

Figure 1.15 Schematic diagram of automotive after-treatment system configuration for the 

combination of LNT+DPF+SCR. 
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are among the most active catalysts. Torre et al. [90] have demonstrated the catalytic 

performance by combining the LNT catalyst with the SCR catalyst without providing the 

NH3 reductant. Figure 1.16 represents a comparison of stand-alone LNT and LNT+SCR 

combined configuration regarding the NOx conversion, NH3 production and N2 production. 

It can be clearly observed that the LNT+SCR significantly improves the NOx conversion, 

particularly at the temperature window between 200 and 250℃. Moreover, this LNT+SCR 

configuration decreases the NH3 slip at the reactor outlet as well as this configuration is favor 

of higher N2 yields in the whole temperature range in comparison with a stand-alone LNT 

catalyst. 

 

 

 

      
 

 

Figure 1.16 The catalytic performance of NOx conversion (a), NH3 production (b), and N2 

production (c) for stand-alone LNT and LNT+SCR as a function of temperatures. (Reprinted 

by permission from Elsevier of ref. [90]). 
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1.4 Literature investigation on hydrocarbon–SCR 

The direct decomposition of NO into N2 and O2 is one of the most exemplary methods 

because the direct decomposition of NO molecule is thermodynamically favorable at 

temperatures below 900℃, and it does not need any reductants [13]. However, the activation 

energy required for the direct NO decomposition is too high without the use of a catalyst as 

illustrated in the following reaction [91]: 

 

 0
2 2 298

1 1
NO N O ,    86.6 kJ/mol

2 2
H      (1.31)

 

Although NO molecules are thermodynamically unstable and can be decomposed into N2 and 

O2, the direct NO decomposition is very slow reaction due to its high energy barrier [92, 93]. 

Therefore, the use of catalyst is required to help lower the activation energy, thereby 

promoting the NO decomposition. 

Various catalysts have been reviewed to promote the direct NO decomposition, and the 

related catalysts can be divided into three categories, i.e., precious metals, metal oxides and 

zeolites. Among these catalysts, copper ion-exchanged zeolites have been considered as the 

most suitable catalyst for the direct decomposition of NO. Iwamoto and co-workers [94] 

demonstrated that “repeated ion-exchanged of Cu2+ species on the ZSM-5 zeolite resulted in 

excess exchange of these cations of more than 100%, and the catalytic performance of 

Cu/ZSM-5 showed high activity of NO decomposition”, as illustrated in Figure 1.17. In the 

temperature dependence of NO decomposition experiment (Figure 1.17(a)), the decrease in 

the amount of NO is greater than those of N2 and O2 produced because of the formation of 

N2O. The relation between NO decomposition and Cu cation-exchange level shows that the 

reaction rate of NO decomposition gradually improves at the lower exchange level and 

increases greatly from the Cu ion-exchange level of 40% (Figure 1.17(b)). The over-
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exchanged Cu ions over the ZSM-5 are also effective way for the direct decomposition of 

NO molecules [94]. 

The major drawback of urea-SCR technique is that this system requires additional space 

for storage, deposition of urea aqueous solutions and complicated injection system of the 

reductant. Therefore, hydrocarbons instead of urea or NH3 have been considered as an 

alternative reductant for the process of selective catalytic reduction. Since the discovery of 

hydrocarbon-SCR reaction by Iwamoto [95, 96] and Held [97] that Cu/ZSM-5 demonstrated 

the high catalytic activity for the reduction of NOx even in the presence of excess oxygen. 

From the above findings, the selective catalytic reduction using hydrocarbons as reducing 

agents (HC-SCR) has been considered as another candidate for NOx reduction. 

Since the HC-SCR technique was proposed for abatement of NOx emissions from an 

automotive engine, various catalysts have been studied for effective HC-SCR, as summarized 

in Table 1.1. Three groups of catalysts can be classified in the following categories for the 

 

 

 

    

Figure 1.17 Direct NO decomposition of Cu/ZSM-5 catalyst as a function of temperature (a) 

and copper ion-exchange level (b). 

Feed gas: 1.0% NO with balance He, 1.0 g of catalyst weight, W/F = 2.0 g s/cm3 (Reprinted 

by permission from American Chemical Society of ref. [94]). 
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Table 1.1 HC-SCR catalysts with various active metals and supports. 

Support Active phase (metal) 

Metal ion-exchanged zeolites 

BEA (Beta) Co [98], Cu [99], and Pt [100] 

MFI (ZSM-5)  Mn [101], Co [102], Fe [103], Cu [104], and Pt [105] 

MOR (Mordenite) Ag [106] and In [107] 

FER (Ferrierite) Co [108] and Fe [109] 

Precious group metals supported on metal oxides 

γ-Al2O3 Ru [110], Rh [110], Pd [110], Pt [110, 111], and Ir [110]

TiO2 Au [112] 

CeZrO2 Pd [113] 

 

 

HC-SCR reaction: metal ion-exchanged zeolites, precious group metals supported on metal 

oxides, and transition metals supported on metal oxides. In recent studies, a metal oxide 

catalyst that is silver impregnated on γ-Al2O3 support (Ag/Al2O3) has attracted attention due 

to its high catalytic activities and hydrothermal tolerance for NOx reduction by hydrocarbons 

[114], considering this catalyst to be a feasible option for the practical application in the HC-

SCR of NOx. 

Many researchers have attempted to improve catalytic activities of Ag/Al2O3 catalyst by 

modifying preparation methods and adding some promoters [115]. However, the narrow 

operating window and the low-temperature activity should be addressed to achieve practical 

applications. The Ag/Al2O3 catalyst was first reported by Satokawa et al. [116] that “the 

catalytic activity of Ag/Al2O3 was greatly increased with addition of H2 gas in the presence 

of excess oxygen and water”. Figure 1.18 shows the NOx conversion over Ag/ Al2O3 with 

various H2 concentrations. Based on the Satokawa and coworker’s experimental results, the 

NOx conversion of over 30% was attained in the specific operating window of 760 to 850 K. 
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Figure 1.18 NOx and C3H8 conversion over Ag/Al2O3 catalyst according to H2 concentrations. 

Feed gas: 91 ppm NO, 91 ppm C3H8, 9.1% O2, 9.1% H2O and 0–1818 ppm H2, GHSV = 

44,000 h−1 (Reprinted from ref. [116]). 

 

A maximum de-NOx performance of 45.6% was observed at 780 K. However, the NOx 

conversion at relatively low temperatures was significantly improved in the presence of H2. 

The reductant, C3H8, light-off temperature was also lowered in the presence of H2, whereas 

the temperature of the complete C3H8 conversion was not changed [116]. 

Besides the metal oxide catalysts, metal ion-exchanged zeolites also have high activities 

of NOx abatement and a wide temperature window. Among the numerous zeolite-based 

catalysts, Cu or Fe ion-exchanged zeolite catalyst has been mainly studied, especially 

Cu/ZSM-5 or Fe/ZSM-5 [117, 118]. The Cu/ZSM-5 is the most investigated catalyst because 

this catalyst shows high NOx conversion with various HC reductants. Erkfeldt et al. [119] 

demonstrated the NOx conversion of Cu/ZSM-5 catalyst with various hydrocarbons, 
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including n-octane (n-C8H18), 1-heptanol (C7H15(OH)), n-pentane (n-C5H12), 1-butanol 

(C4H9(OH)), dibutyl ether (C8H18O), butyl methyl ether (C5H12O), ethanol (C2H5(OH)), and 

methanol (CH3(OH)), and the results are summarized in Figure 1.19. Notably, the chemical 

nature of the hydrocarbon is very important aspect over the Cu/ZSM-5 catalyst. When 

comparing different hydrocarbons (alkane species, oxygenated hydrocarbon species and ether 

species), methanol could not reduce the NOx, whereas pentane showed the highest NOx 

conversion among the tested hydrocarbons. Erkfeldt and co-workers [119] have concluded 

that “a length of carbon chain had a significant effect on the NOx conversion in the HC-SCR 

process”. Considering differences in chemical structure of the hydrocarbon reductants, they 

also suggested that a carbon–carbon bond played an important role in the reaction mechanism 

of NOx abatement over the Cu/ZSM-5 catalyst [119]. Therefore, the absence of carbon–

carbon bond in methanol and methane would explain the low de-NOx performance over the 

Cu/ZSM-5 catalyst. 

The typical HC-SCR system using hydrocarbons as a reducing agent can utilize many 

hydrocarbon species, and various kinds of hydrocarbons species are included in the diesel 

exhaust gas. Hydrocarbons can be provided upstream the HC-SCR catalyst by two different 

methods: they can be provided from the exhaust gas or fuel [120, 121]. The former is passive 

system in which the distribution of carbon-number peaks at the lower carbon-number, 

whereas the latter is active system by the post-injection of diesel fuel that contains higher 

carbon-number of hydrocarbons, as illustrated in Figure 1.20. 

One of the important parameters is the amounts of hydrocarbons to achieve high NOx 

abatement. Although optimal HC/NOx ratios are dependent on the chemical propertis of 

hydrocarbons and the active phases of the catalyst, a two to fourfold surplus of hydrocarbons 

relative to the NOx concentration are preferred to obtain the NOx conversion of more than 
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80% [122–125]. 

 

  

   

  

Figure 1.19 NOx conversion with various hydrocarbons over Cu/ZSM-5 at temperatures 

between 200–500℃. 

Feed gas: 800 ppm NO, 10% O2, 5% H2O and HC reductant (800, 1600, 3,200, and 6,400 

ppm C1) at GHSV = 33,300 h−1 (Reprinted by permission from Elsevier of ref. [119]). 

 

       

Figure 1.20 Distribution of carbon-number of hydrocarbons included in the diesel exhaust 

gas: (a) passive condition (exhaust gas) and (b) active condition (post-injection of fuel by 

common-rail system) (Reprinted by permission from Spinger Nature of ref. [120]). 
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The catalytic performance of HC-SCR highly affected by the chemical properties of the 

hydrocarbon species such as carbon-number, chain-length, chemical properties, and so on. A 

considerable number of reductants have been attempted to investigate the related reaction 

mechanisms and to further increase the catalytic activity of the HC-SCR catalysts, 

particularly over the Cu/ZSM-5 and Fe/ZSM-5 catalysts, as summarized in Table 1.2. 

The preparation procedure of the catalyst also affects the catalytic performance of NOx 

abatement. Furthermore, the preparation method closely relates to the physical and chemical 

properties of the catalysts, including the mechanical strength, attrition resistance, pore 

volume, thermal stability, surface-activating sites of active phases, and accessibility of the 

active sites for reactants [137]. For example, Chajar et al. [138] have investigated the catalytic 

 

Table 1.2 Various reducing agents of hydrocarbon over Cu or Fe/ZSM-5 catalysts for 

HC-SCR process. 

Catalysts Reducing agents  References

Catalyst type SiO2/Al2O3   

 Cu/ZSM-5 (Cu 2.5 wt%)  73  Methane (CH4)  [119] 

 Cu/ZSM-5 (Cu 2.4 wt%)  52  Ethylene (C2H4)  [126] 

 Cu/ZSM-5 (Cu 1.0 wt%)  56  Propylene (C3H6)  [127] 

 Cu/ZSM-5 (Cu 1.1 wt%)  78  Propane (C3H8)  [128] 

 Cu/ZSM-5 (Cu 3.8 wt%)  45  iso-butane (i-C4H10)  [129] 

 Cu/ZSM-5 (Cu 2.5 wt%)  73  Pentane (C5H12)  [119] 

 Cu/ZSM-5 (Cu 2.3 wt%)  45.2  n-octane (n-C8H18)  [130] 

 Cu/ZSM-5 (Cu 4.6 wt%)  26.4  Decane (C10H22)  [131] 

 Fe/ZSM-5 (Fe 1.7 wt%)  14.2  Methane (CH4)  [132] 

 Fe/ZSM-5 (Fe 4.0 wt%)  30  Propylene (C3H6)  [133] 

 Fe/ZSM-5 (Fe 5.4 wt%)  22.8  Propane (C3H8)  [134] 

 Fe/ZSM-5 (Fe 2.4 wt%)  90  iso-butane (i-C4H10)  [135] 

 Fe/ZSM-5 (Fe 0.5 wt%)  30  Decane (C10H22)  [136] 
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activity of three different prepared catalysts for the purification of NOx by C3H8 under 

varying O2 conditions, as illustrated in Figure 1.21. They prepared the three Cu/ZSM-5 

catalysts by using the precipitation, impregnation, and ion-exchange procedures. The 

prepared catalysts showed the catalytic activity in the following order: Cu/ZSM-5 (ion-

exchange) > Cu/ZSM-5 (impregnation) > Cu/ZSM-5 (precipitation). The reason can be 

described that the active phase of Cu was present as the isolated Cu+ ions over the three 

Cu/ZSM-5 catalysts, and the Cu+ species exhibited the highest dispersion over the catalyst 

prepared by ion-exchange procedure. They concluded that “the catalytic activity was closely 

related to a high dispersion of isolated Cu+ ions on the ZSM-5 zeolite”; thus, the ion-exchange 

was the best procedure to prepare the metal-based zeolites for the HC-SCR process. 

 

     

 

Figure 1.21 Effects of preparation procedures on NOx conversion over Cu/ZSM-5 catalyst: 

(a) precipitation, (b) impregnation, and (c) ion-exchange. 

Feed gas: 2000 ppm C3H8, 2000 ppm NO, and 0–10 vol.% O2 concentrations (Reprinted by 

permission from Elsevier of ref. [138]). 
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The reaction mechanism on the selective catalytic reduction of NOx by hydrocarbons 

has been debatable despite the various reviews for the past decades. Although some possible 

reaction mechanisms or reaction routes have been elucidated for the HC-SCR process, 

general reaction mechanisms are not available due to the different types of catalysts, reaction 

conditions, and numerous hydrocarbon species. The primary features of reaction mechanism 

for the HC-SCR process can be divided into the following three categories: 

 

i) Oxidation of NO into NO2 and selective reaction with hydrocarbons [139–143] 

 2 2

1
NO O NO

2
   (1.32)

 2 2 2 2NO HC N CO H O     (1.33)

ii) Activated hydrocarbons react with NOx [144–148] 

 *
2 2 2HC O HC CO H O     (1.34)

 *
2 2 2HC NOx N CO H O     (1.35)

iii) NO decomposition and regeneration by hydrocarbons [149–152] 

 22NO N 2O (adsorption)   (1.36)

 2 22O (adsorption) HC CO H O    (1.37)

 

The initial reaction is the oxidation of NO to NO2 as an indispensable reaction, followed by 

the reduction of NO2 with HC into N2. The NO can be oxidized by oxygen in the presence of 

reaction gas or by the metal supported catalyst. The second mechanism is related to 

intermediates of the partially oxidized HCs (HC*) with O2, followed by reduction of with 

NOx. The third mechanism is the catalytic decomposition of NO to N2, and the adsorbed O2 

on the catalyst reacts with hydrocarbon to CO2 and H2O. 
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The reaction mechanism on the effect of hydrocarbon and carbon monoxide in the feed 

stream has been also investigated. Li et al. [153] demonstrated the de-NOx activity and de-

NOx process over the copper ion-exchanged ZSM-5 catalyst coated on the honeycomb 

monolith, as illustrated in Figure 1.22. The relevant reaction mechanism of HC-SCR process 

is described in the following reactions [153]: 

 

 2 2 2NO CO O N CO     (1.38)

 2 2 2NO HC O N CO H O      (1.39)

 2 2 2HC NOx N CO H O     (1.40)

 

As illustrated in Figure 1.22(a), the reactions (1.38) and (1.39) are the primary reactions at 

temperatures between 400 and 500 K. However, reaction (1.38) becomes slow, and the rate 

of the reaction (1.39) increases at above 500 K, because the CO conversion sharply decreases 

from 500 K. This result indicates that the reaction mechanism of HC-SCR is dependent upon 

the reaction temperatures. When the reaction temperature increases above 650 K, the catalytic 

reaction of NOx abatement shifts from the reaction (1.39) to reaction (1.40), since CO 

conversion starts to increase that is related to the consumption of CO as a reductant. From 

the experimental results, Li et al. [153] proposed the de-NOx process in the following manner. 

“The NOx species and hydrocarbon species (CxHyOz) are simultaneously formed on the 

surface-activating sites; these species are the two significant reaction intermediates”. The 

NOx and CxHyOz react with each other on the catalyst surface, giving out N2, H2O, and COx 

(CO at lower temperature and CO2 at higher temperature, as illustrated in Figure 1.22(b)). 

In the case of the transition metal oxides over the alumina support, some nitrogen-

containing species such as ‒NCO, R‒NH2, and NH3 are formed via the organo-nitrogen 

species [154]. The reaction of O2 with NO or hydrocarbons to form the ad-NOx species and 
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Figure 1.22 Catalytic reduction of NOx and proposed reaction mechanism regarding the 

effects of hydrocarbon and carbon monoxide over Cu/ZSM-5 cordierite catalyst: (a) catalytic 

performance of three components in exhaust gas (550 ppm NOx, 134 ppm HC, 0.11% CO, 

A/F = 21 at GHSV = 25,000 h−1) and (b) proposed mechanisms over Cu/ZSM-5 cordierite 

catalyst on real lean burn (Reprinted by permission from American Chemical Society of ref. 

[153]). 

 

 

partially oxidized hydrocarbons (CxHyOz) are considered as the crucial reactions [155]. 

Several researchers have therefore proposed that the reduced species of nitrogen (e.g., ‒NCO, 

R‒NH2 and NH3) would react with the oxidized species of nitrogen (e.g., organo-nitrito or 

NO2) to form N2 [156, 157]. Figure 1.23 shows the schematic routes of global scheme for the 

C3H6-SCR over the transition metal promoted alumina catalysts. This reaction scheme 

emphasizes that the overall reaction route is very complicated because NO reacts via a series 

of consecutive routes forming the numerous reaction intermediates. 
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Figure 1.23 Reaction scheme of the C3H6-SCR of NO over transition metal oxide catalysts 

giving the nature of the different species likely to be involved. It is proposed that the reduction 

to N2 occurs through the reaction of oxidized and reduced nitrogen compounds (Reprinted by 

permission from Elsevier of ref. [155]). 

 

Although some researches have been carried out through the kinetic and spectroscopic 

studies to understand the HC-SCR over the Cu/ZSM-5 catalysts, many questions are still 

unclear. Park et. al [104] proposed the possible reaction mechanism of HC-SCR process over 

the ion-exchanged Cu/ZSM-5 catalyst; allyl (CH2=CH‒CH2‒), allyl oxime (R2‒C=N‒OH), 

ethenyl isocyanate (CH2=CH‒NCO), and ethenyl amine (CH2=CH‒NH2) reaction 

intermediates were observed by IR, as illustrated in Figure 1.24. They suggested “the 

formation of Cu(I)-allyl as the initial step by chemisorption of hydrocarbons over Cu(I) in 

ZSM-5, and then, Cu(I)-ethenyl amine reacts with NO2 to form N2 and Cu(I)-ethenyl in the 

final reaction step”. 

Numerous fundamental issues regarding the behavior of Cu/ZSM-5 in the absence or 

presence of NOx need to be solved. Especially, the partitioning of copper into Cu(I) 

Inorganic NOx (ads)
(several species,

in particular
monodentate nitrate)

CxHyOz (ads)
(several species,

in particular
acetate)

NO2 (g)

Organo-nitrogen,
e.g., R–NO2 (g or ads)

R–CN
R–NCO
R–NH2

NH3

R–ONO (g or ads)

NO (g) + O2 (g) + CxHy (g)

N2 (g)

ad–NOx

Minor route



  

Chapter 1. Introduction 1.4 Literature investigation on hydrocarbon–SCR

 

36 

 

Figure 1.24 Reaction scheme of CxHy-SCR over Cu/ZSM-5 catalysts at 450℃ (Reprinted 

by permission from Royal Society of Chemistry of ref. [104]). 

 

and Cu(II) or other possible copper species is still not yet clear. Both the Cu(I) and Cu(II) 

take part in the catalytic reaction as the active sites, and it has not been rationally determined 

whether active sites are essential in the HC-SCR process for NOx abatement [158]. 

Park et. al [158] have proposed the possible active sites of Cu(I) and Cu(II) on the redox 

cycles for NO decomposition over the dehydrated Cu(II)-exchanged ZSM-5, as illustrated in 

Figure 1.25. After NO adsorption on the Cu/ZSM-5, NO interactions with Cu(I), Cu(II)‒O−, 

and Cu(II) were investigated by electron spin resonance (ESR) and IR spectroscopy. They 

proposed that “Cu(II)‒O− reacts with NO to form Cu(I)‒NO2 and consequent interaction of 

NO involves the formation of Cu(II)‒(NO2)(NO), and then Cu(I) reacts with NO to form 
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Figure 1.25 Possible reaction scheme of redox cycles for NO decomposition over Cu/ZSM-

5 catalyst (Reprinted by permission from Elsevier of ref. [158]). 

 

and they produce many Cu‒NO complexes, which is related to the redox reactions [158]. 
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is related to the formation of the oxygenated hydrocarbons (CxHyOz) as the reaction 

intermediates [165–171]. In this reaction scheme, the oxygenated hydrocarbons could be 

formed either by O2 or NOx, which is considered as the potential oxidant in the reaction gas 

mixtures. The nitrogen-containing species such as nitrosonium ([N≡O]+) and isocyanate (‒

NCO) may be possible candidates for reaction intermediates in the NO reduction scheme 

[172]. Other subsequent intermediates, comparable to those proposed R-NOx scheme as the 

initial intermediate, have been also suggested before the final formation of N2. The proposed 

mechanism of HC-SCR is that the nitrates formed by the oxidation of NO could be reduced 

to N2 by the partially oxidized hydrocarbons (CxHyOz), such as acetate species (CH3COO−) 

through the metal‒NCO and ‒CN species. 

 

 

Figure 1.26 Reaction pathways involving organic species proposed in lean de-NOx catalysis 

reported in the previous literature over various type of catalysts (zeolite, metal oxide or 

platinum group metal) and HC: hydrocarbons, R‒NOx: R‒NO, R‒ONO, R‒NO2, or R‒ONO2, 

and CxHyOz being an oxygenate compound of undefined composition (Reprinted by 

permission from Elsevier of ref. [160]). 
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On a basis of the reaction mechanisms, a comprehensive review of the chemistry for 

NOx abatement by HC-SCR process have been attempted to improve the de-NOx 

performance and to fulfill future requirements in terms of emissions regulations. There is an 

insufficient-general consensus to explain the reaction mechanisms because of various 

catalysts with different types of active materials, supports, and catalytic reaction conditions. 

Nevertheless, the development of more active and durable materials will exemplify a main 

issue in the future technique for the HC-SCR of NOx reduction. 
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1.5 Research objectives and scopes 

The objective of the present research work is to investigate the effectiveness of 

hydrocarbon-selective catalytic reduction (HC-SCR) catalysts for the purpose of application 

possibility of passive type HC-SCR system. Cu-containing zeolite catalysts with different Cu 

loadings and zeolite frameworks (SSZ-13, ZSM-5, and BETA) were evaluated using 

laboratory-scale normal-pressure fixed-bed synthetic gas reactor system to identify optimal 

Cu/zeolite catalysts for the passive type HC-SCR. The reducing agents are propene (C3H6) 

and n-butane (n-C4H10); particularly, n-C4H10 has rarely been studied in the field of HC-SCR. 

Therefore, the evaluation of catalytic performance of HC-SCR is of great importance for 

furthering the commercial de-NOx application. The research objectives and scopes of 

respective chapters are summarized below. 

 

Chapter 1: Introduction 

Relevant catalytic applications for the reduction of diesel exhaust emissions, including 

nitrogen oxides (NOx) by the three–way catalyst, NOx storage–reduction catalyst, selective 

catalytic reduction using urea and hydrocarbons, are presented and discussed. Recent 

literature on hydrocarbon-SCR system is also reviewed. 

 

Chapter 2: Textual Characterization of Prepared Catalysts 

The copper-loaded catalysts supported on SSZ-13 (CHA framework), ZSM-5 (MFI 

framework), and BETA (BEA framework) zeolites, having different zeolite frameworks, are 

prepared with varying copper-loadings from 1 to 10 wt% using an incipient wetness 

impregnation method. The physical and chemical properties of the prepared catalysts are 

analyzed using various analytical techniques. The detailed textual characterization of 
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respective Cu/zeolite catalysts is investigated and discussed. 

 

Chapter 3: Catalytic Performance of C3H6-SCR 

A series of Cu/zeolite catalysts are evaluated for the main purpose of reducing NOx 

emissions by the C3H6-SCR process in the presence of O2, CO, CO2, and H2O. The effects of 

the C3H6/NOx ratios on the de-NOx performance, CO oxidation, partial oxidation of C3H6, 

and N2 yield are investigated over the Cu/zeolite catalysts. The zeolite frameworks are also 

discussed to identify the optimal Cu/zeolite catalysts in the C3H6-SCR process. 

 

Chapter 4: Catalytic Performance of C4H10-SCR 

To compare the effect of hydrocarbon on HC-SCR performance, Cu/zeolite catalysts are 

evaluated in the C4H10-SCR process. The effects of zeolite framework, Cu loading, and 

C4H10/NOx ratio on the catalytic activity for C4H10-SCR are also investigated in the presence 

of O2, CO, CO2, and H2O. The de-NOx performance, CO oxidation, partial oxidation of C4H10, 

temperature programmed oxidation of C4H10, temperature programmed oxidation of NOx, 

and N2 selectivity are discussed in this chapter. 

 

Chapter 5: Effects of Coexistent Gases and Hydrothermal Aging 

Oxygen (O2) and carbon dioxide (CO2) are unavoidable in diesel exhaust emissions, and 

they are main products in the ideal reaction of NOx by hydrocarbons. The influence of O2 

and CO2 concentrations in the feed gas on the catalytic activity over the 2Cu/ZSM-5 is 

evaluated in both the C3H6- and C4H10-SCR process for the purpose of trying to enhance the 

de-NOx performance. Moreover, the effect of hydrothermal aging on the catalytic 

performance over the Cu/zeolite catalysts is also investigated and the textual characterization 
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of aged catalysts is discussed for describing the effect of hydrothermal aging on the physical 

and chemical properties of catalyst. 

 

Chapter 6: Conclusions 

From the experimental results of all the present research, key findings of respective 

chapter are summarized. And, research recommendations and relevant developments of HC-

SCR system are also suggested. 
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Chapter 2. Textual Characterization of Prepared Catalysts 

2.1 HC–SCR catalyst preparation 

2.1.1 Catalyst preparation 

The parent zeolites used in the present study corresponds to H-ZSM-5 (JRC-Z5-90H, 

SiO2/Al2O3 = 90) and H-BEA (JRC-Z-HB25, SiO2/Al2O3 = 25) procured from the Catalysis 

society of Japan; these two zeolite samples are specified as Japan reference catalyst. SSZ-13 

zeolite with the CHA topology was synthesized using a method similar to that reported by 

Zones and Imai [173, 174]. Figure 2.1 shows the preparation procedure of SSZ-13 zeolite. 

The SSZ-13 seed was prepared from synthetic gel with a following composition of 1 SiO2: 

0.05 Al(OH)3: 0.2 TMAdaOH (SDA): 0.2 NaOH: 44 H2O. The Na-type Al-containing SSZ-

13 gel was transferred into an autoclave through a Teflon-lined inner tube, and then kept 

statically heated at 150℃ in an oven under stirring at 40 rpm for 5 days. The obtained product 

was recovered by filtration, followed by washing with deionized water and drying at 100℃. 

Thereafter, the as-made SSZ-13 was calcined at 600℃ for 6 h in air to remove the SDA. For 

preparing the CHA-type zeolite, the synthesized N,N,N-trimethyl-1-adamantammonium 

hydroxide (TMAdaOH) was used as a structure directing agent (SDA). Figure 2.2 shows the 

synthesis procedures of TMAdaOH. 

A wide range of copper-containing zeolite catalysts was prepared by an incipient wetness 

impregnation method. After adding a predetermined amount of copper(II) nitrate trihydrate 

(Cu(NO3)2·3H2O, purity 99.9%, Kojundo Chemical Laboratory) to the mixtures of zeolite 

powder and deionized water at room temperature, the mixtures were dried at 100℃ in air 

overnight. The dried solid powders were then calcined at 500℃ in air for 5 h to eliminate the 

nitrate species and any impurities. The as-made catalysts powders are listed in Table 2.1. The 

respective samples with Cu loading of x wt% in the zeolites are hereafter referred to as 
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xCu/zeolite. When preparing 10 g of the 5Cu/ZSM-5 powder, mass of the calculated 

precursors and procedure of the incipient wetness impregnation are summarized in Figure 2.3. 

 

 

 

 

Figure 2.1 Synthetic procedures of SSZ-13 zeolite by using TMAdaOH as organic structure 

directing agent (OSDA). 
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Figure 2.2 Synthetic procedures of N,N,N-trimethyl-1-adamantammonium hydroxide 

(TMAdaOH). 
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Table 2.1 Theoretical composition of Cu/zeolite catalysts prepared by incipient wetness 

impregnation procedure. 

Catalysts Zeolite topology  Component proportion (wt%) 

 (SiO2/Al2O3)  Copper  Zeolite 

 SSZ-13 zeolite  SSZ-13 (30)  0  100 

 1Cu/SSZ-13  SSZ-13 (30)  1  99 

 5Cu/SSZ-13  SSZ-13 (30)  5  95 

 ZSM-5 zeolite  H-ZSM-5 (90)  0  100 

 1Cu/ZSM-5  H-ZSM-5 (90)  1  99 

 2Cu/ZSM-5  H-ZSM-5 (90)  2  98 

 5Cu/ZSM-5  H-ZSM-5 (90)  5  95 

10Cu/ZSM-5  H-ZSM-5 (90)  10  90 

 BETA zeolite  H-Beta (25)  0  100 

 1Cu/BETA  H-Beta (25)  1  99 

 2Cu/BETA  H-Beta (25)  2  98 

 5Cu/BETA  H-Beta (25)  5  95 

 10Cu/BETA  H-Beta (25)  10  90 

 

 

 

 

Figure 2.3 Preparation procedure of 5Cu/ZSM-5 zeolite by incipient wetness impregnation 

method (prepared weight of powder sample = 10 g). 
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2.1.2 Washcoating onto monolith substrate 

The catalytic system widely used in the practical application is a monolithic convertor. 

The monolith substrate offers numerous advantages compared to the powder or pellet 

catalysts, the most important one being the low pressure drop through the catalytic convertor 

[27, 29]. The gaseous reactants enter the channels, reacting with the catalyst on the walls, and 

the products flow down to the outlet channels. The monolith is commonly manufactured as 

ceramic cordierite (2MgO·5SiO2·2Al2O3) because this material can stand the thermal shocks 

with low thermal expansion, resulting in the high resistance to fracture [175, 176]. 

The as-made powder catalysts were coated on an open structured cordierite monolith 

(diameter 19.5 mm and length 26.8 mm) with a cell density of 300 cells/in2 and wall thickness 

of 5 mil by using the dip-coating technique. Table 2.2 represents the physical properties of 

the monolithic cordierite adopted in the present study. The coating amount of powder catalyst 

was determined to be approximately 120 g per unit volume of substrate, as illustrated in 

Figure 2.4. The washcoated monolith was calcined at 400℃ in air for 3 h to decompose 

impurities and to insure good adherence of bonding between the catalyst and monolith wall. 

 

2.2 Physical properties of monolithic cordierite substrate for 300 cpsi and 5 mil. 

Cordierite monolith (2MgO·5SiO2·2Al2O3) 

Wall thickness, tw 5 mil 

Cell density, N 300 cells/in2 (cpsi) 

Porosity, Pc 25% 

Channel width, dk 1.34 mm 

Hydraulic diameter, dh 1.34 mm 

Cell spacing, L 1.47 mm 

Open frontal area, OFA 83.4% 

Geometry surface area, GSA 24.9 cm2/cm3 
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Figure 2.4 Washcoated catalyst onto the cordierite monolith as a function of immersion 

number of (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA: washcoat coating = 120 g/L. 
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2.2 Characterization of catalysts 

2.2.1 Apparent copper loading 

The Cu/zeolite catalysts were prepared by an incipient wetness impregnation method, in 

which the Cu precursor was impregnated into the parent zeolites. Because the impregnation 

procedure does not need any washing of the catalyst during the preparation, it is believed that 

the apparent content of metal loading over the as-made catalyst samples is in good accord 

with the pre-calculated amount of Cu loading. 

Table 2.3 shows the results of apparent Cu loading amounts and Si/Al atomic ratios 

analyzed by the ICP–AES technique. The Si/Al ratios of all Cu impregnated catalysts over 

the Cu/zeolite were in good agreement with the parent zeolite’s Si/Al ratios. As can be seen 

from the comparison of theoretical and ICP–AES results (Figure 2.5(a)), the loading levels 

of Cu metal for all powder catalysts prepared via impregnation procedure were close to the 

theoretical loading amount, suggesting that the Cu species has been successfully introduced 

into the zeolite. However, ICP induced some limitations of measurement for low 

concentrations below 1 ppm of Cu, which resulted in greater errors for 1Cu/zeolite catalysts, 

as shown in Figure 2.5(b). 

 

 

2.2.2 N2–isotherms 

Figure 2.6 shows the nitrogen adsorption–desorption isotherms over the parent zeolite 

and Cu-impregnated zeolite catalysts. According to the IUPAC classification of physisorption 

isotherms [177, 178], the N2 isotherm curves of the parent SSZ-13 and Cu-impregnated 

catalysts can be considered as the type I, and represent a minor hysteresis loop at a 

relativepressure (P/P0) from 0.5 to 0.95, indicating the presence of pure micropores with 
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Table 2.3 Apparent Cu loading amounts of prepared Cu/zeolite powder catalysts. 

Catalysts Framework Powder (mg)a Si/Al ratio Cu (ppm) Cu (wt%)b 

SSZ-13 
CHA 

(Si/Al = 15) 

2.5 16 N/A N/A 

1Cu/SSZ-13 2.4 16 0.69 1.44 

5Cu/SSZ-13 5.4 17 4.60 4.26 

ZSM-5 

MFI 

(Si/Al = 45) 

2.0 45 N/A N/A 

1Cu/ZSM-5 1.9 46 0.658 1.73 

2Cu/ZSM-5 3.7 45 1.31 1.77 

5Cu/ZSM-5 2.4 46 2.64 5.50 

10Cu/ZSM-5 2.4 45 4.06 8.46 

BETA 

BEA 

(Si/Al = 12.5) 

2.5 13 N/A N/A 

1Cu/BETA 3 15 0.726 1.21 

2Cu/BETA 4.8 15 2.02 2.10 

5Cu/BETA 2.7 14 2.81 5.20 

10Cu/BETA 5.3 15 11.0 10.38 

a. Powder is the powder weight of catalysts. 

b. Cu (wt%) = [Cu (ppm) × (50/1000)/powder weight] × 100. 

 

 

 

 

      

Figure 2.5 Comparison of (a) theoretical Cu content and ICP–AES results and (b) errors for 

Cu/zeolite powder. 
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uniformly cylindrical-shaped pores. The adsorption and desorption curves were similar to 

those before addition of Cu species to the SSZ-13, implying that the impregnation of Cu 

species does not modify the characteristics of zeolite pores. 

The N2–isotherm curves of the parent ZSM-5 and Cu-impregnated catalysts can be 

considered as a combination of type I and type IV isotherm. The adsorption hysteresis loop 

was in a range of relative pressure from 0.5 to 0.98, which is attributed to the presence of 

mesopores in the ZSM-5 zeolite. In contrast to SSZ-13, the adsorption curves of ZSM-5 were 

substantially increased above P/P0 = 0.8, indicating the occurrence of capillary condensation 

in mesopores near the saturation pressure of the bulk N2 liquid. 

The profiles of isotherm curve for the parent BETA and Cu-impregnated catalysts were 

almost identical to the results of ZSM-5 zeolites, indicating a combination of type I and type 

IV isotherm. The adsorption hysteresis loop occurred in a range of relative pressure from 0.45 

to 0.99, implying the presence of mesopores in the BETA zeolite. The adsorption isotherms 

of Cu-impregnated catalysts (Cu/ZSM and Cu/BETA) exhibited the same adsorption profiles 

before impregnation of Cu species into the respective zeolite, clearly implying that Cu species 

have a no effect on the pore shapes and characteristics of Cu/zeolites even higher Cu loading. 

 

 

2.2.3 Specific surface area, pore size and pore volume 

The BET specific surface area (ABET) along with total pore volume (VP) is summarized 

in Table 2.4. Among the parent zeolites, SSZ-13 zeolite with the chabazite topology had the 

largest BET specific surface area compared to that of the ZSM-5 (MFI) and BETA (BEA) 

zeolite. The order of BET specific surface area was SSZ-13 > BETA > ZSM-5, in which the 

BET specific surface area of SSZ-13 was 837.1 m2/g and that of ZSM-5 was 434.3 m2/g, 
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Figure 2.6 Nitrogen adsorption–desorption isotherms of pure zeolites and copper-containing 

zeolite catalysts (Cu/SSZ-13, Cu/ZSM-5, and Cu/BETA). 
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respectively. The micropore volume of parent SSZ-13 was 0.306 cm3/g, which was almost 

twice as much as that of the parent ZSM-5 and BETA zeolites. The impregnation of Cu into 

the parent zeolite led to a decrease in BET specific surface area and pore volume. This can 

be explained that Cu species cover or permeate into both the internal and external surfaces of 

zeolite, leading to blocking accessible zeolite pores. One of the distinct features is that the 

mean pore diameter of SSZ-13 catalysts was in the micropore range of less than 2 nm; 

however, the mean pore diameter of ZSM-5 and BETA zeolites was in the mesopore range of 

more than 2 nm. 

Figure 2.7 illustrates Barrett–Joyner–Halenda (BJH) pore size distributions (PSD) of the 

parent zeolites, indicating the presence of mesopores and macropores along with micropores 

in the parent zeolites. All zeolites exhibit a good hierarchical micro-meso-macroporosity. 

 

 

Table 2.4 Physical properties of pure zeolites and copper-containing Cu/zeolites. 

Catalysts ABET (m2/g) VP (cm3/g) VMicro (cm3/g) DP (nm)

SSZ-13 837.1 0.3618 0.3063 1.7288 

1Cu/SSZ-13 823.6 0.3440 0.3023 1.6707 

5Cu/SSZ-13 805.2 0.3725 0.2934 1.8505 

ZSM-5 434.3 0.6933 0.1559 6.3854 

1Cu/ZSM-5 403.8 0.7075 0.1475 7.0084 

2Cu/ZSM-5 398.7 0.7197 0.1456 7.2205 

5Cu/ZSM-5 390.4 0.6574 0.1445 6.7357 

10Cu/ZSM-5 345.1 0.5794 0.1274 6.7157 

BETA 579.1 0.6793 0.1626 4.6921 

1Cu/BETA 523.2 0.5736 0.1504 4.3853 

2Cu/BETA 503.5 0.5471 0.1598 4.3464 

5Cu/BETA 495.2 0.5373 0.1453 4.3401 

10Cu/BETA 456.2 0.5092 0.1409 4.4647 
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Figure 2.7 BJH pore size distributions (PSD) and cumulative pore volume of (a) parent SSZ-

13, (b) parent ZSM-5, and (c) parent BETA. 
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2.2.4 Identification of zeolite frameworks 

The powder XRD patterns of the parent zeolites and Cu-impregnated zeolites with 

different Cu loadings are depicted in Figure 2.8. As illustrated in Figure 2.8(a), the intrinsic 

chabazite structure was observed at 2θ = 9.64°, 13.07°, 14.19°, 16.27°, 18.01°, 20.90°, 25.29°, 

26.31°, 31.06°, and 31.49°, indicative of the inherent chabazite framework [173, 179]. The 

XRD peaks of Cu/ZSM-5 (Figure 2.8(b)) were observed at 2θ = 7.95°, 8.81°, 13.23°, 13.96°, 

14.79°, 23.08°, 23.94°, 24.41°, and 29.93°, which represents the connatural MFI zeolite 

framework [180, 181]. Similarly, the XRD peaks of Cu/BETA (Figure 2.8(c)) were also 

identified at 2θ = 7.61°, 13.49°, 14.61°, 21.55°, 22.60°, 25.45°, 27.14°, and 29.69°, indicating 

the inherent BEA framework of BEAT zeolite [182]. The identified diffraction angles (2θ) of 

Cu-impregnated catalysts were nearly identical to those of the parent zeolites, irrespective of 

the zeolites. The powder XRD patterns of all prepared catalysts could be clearly observed, 

implying the high crystalline degree of these Cu/zeolite catalysts. Notably, the impregnation 

of Cu to respective zeolite did not affect the modification of zeolite structures; thus, Cu/zeolite 

catalysts preserved the well-ordered hierarchical structures. 

The major peak intensities of Cu/SSZ-13 decrease to a certain extend with an increase 

in Cu loading, in which the XRD intensity of 5Cu/SSZ-13 at 2θ = 9.64° was dropped by 15% 

compared to that of the parent SSZ-13. A similar phenomenon can be also observed over the 

Cu/ZSM-5 and Cu/BETA catalysts with an increase in Cu loading. The decrease in the relative 

crystallinity could be attributed to the unexpected collapse of some frameworks or the high 

x-ray absorption coefficient of the increasing number of CuO crystallites [183, 184]. The 

peaks ascribed to crystalline cupric oxide (CuO) were clearly observed at 2θ = 35.54°, 38.71°, 

and 48.85° in the case of a high Cu loading, i.e., 10 wt% Cu. Thus, when Cu loadings exceed 

5 wt%, some Cu species were presented as crystalline CuO over the zeolite structure. 
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Figure 2.8 Powder XRD patterns of parent zeolites and Cu/zeolite catalysts: (a) Cu/SSZ-13, 

(b) Cu/ZSM-5, and (c) Cu/BETA. 
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2.2.5 Solid-state 27Al MAS–NMR 

Zeolites are microporous crystalline aluminosilicates, composed of TO4 tetrahedra (T = 

Si or Al) with oxygen atoms by corner-sharing neighboring SiO4 and AlO4 tetrahedra to form 

the three-dimensional channel structures [185]. The amount of Al within the zeolite 

framework can vary in a wide range of SiO2/Al2O3 ratio = 1 to ∞. The crystallographic 

positions of Al atoms and the local Al distributions govern the location of the active sites and 

catalytic properties [186]. The 27Al NMR spectra provide the useful information concerning 

the framework connectivity of the aluminosilicate network like zeolite materials. 

The local structure of Al species over the zeolite-based catalysts was analyzed to 

demonstrate the effect of Cu loading on the stability of framework Al over the Cu/zeolite 

catalysts, and the 27Al MAS–NMR spectra are shown in Figure 2.9. For the parent SSZ-13, 

two peaks were observed at around δ27Al = 0.1 ppm and 59.4 ppm, respectively, where a broad 

signal was associated with the tetrahedral framework of Al (AlIV) at 59.4 ppm, whereas there 

was weak intensity of octahedral extra-framework of Al (AlVI) at 0.1 ppm [187, 188]. After 

loading of Cu to the SSZ-13 zeolite, a notable feature was that the position of major peak 

shifted slightly toward low chemical shift region (δ27Al of 1Cu/SSZ-13 and 5Cu/SSZ-13 = 

58.7 ppm and 58.4 ppm). The shifting position of the 27Al chemical shift was attributed to the 

varying average Al‒O‒Si angles. 

As shown in Figures 2.9(b) and (c), a single peak was observed at δ27Al = 54.9 ppm 

(parent ZSM-5) and δ27Al = 54.2 ppm (parent BETA), respectively. The peak intensity of 

parent ZSM-5 at 54.9 ppm was related to tetrahedral framework of Al (AlIV) [187, 189], and 

no octahedral Al species were identified. The peak intensity of parent BETA recorded at 54.2 

ppm was also attributed to AlIV framework in the BETA zeolite, and there was a minor signal 

of extra-framework of AlVI at around −0.1 ppm [190, 191]. Similar to the Cu/SSZ-13 catalysts, 
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after Cu loading the chemical shift of AlIV shifted slightly to low resonance region, indicative 

of the varying average Al‒O‒Si angles. From the 27Al MAS–NMR spectra, it is suggested 

that Al species are well incorporated with the neighboring O atoms in the zeolite framework; 

thus, the loading of Cu species did not modify the zeolite networks over the Cu/zeolites. 

 

 

 

 
 

 
 

 

Figure 2.9 Solid-state 27Al MAS–NMR spectra of parent zeolites and Cu/zeolite catalysts: (a) 

Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 
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2.2.6 Valence state of Cu species 

UV–vis diffuse reflectance spectroscopy (UV–vis DRS) was applied to understand the 

coordination and chemical nature of Cu species over the Cu/zeolite catalysts, providing the 

electron transitions of Cu species to distinguish the different Cu species. In the UV–vis 

spectra of Cu/zeolite catalysts (Figure 2.10), all the Cu/zeolite catalysts except for parent 

zeolites exhibited a wide range of UV–vis adsorption spectra. The adsorption spectra showed 

two different remarkable bands, where a narrow band with the peak center at about 210 nm 

and a broad band between 300 nm and 600 nm. The adsorption peak centered at nearly 210 

nm is indicative of charge transfer band of the oxygen-to-metal related to the Cu2+ ions from 

lattice oxygen to isolated Cu ions stabilized in the zeolite framework [181, 192‒194], which 

is characteristic of highly dispersed copper species (Cu2+–O2−). The flexure band at nearly 

275–430 nm is also attributed to Obridge → Cu charge-transfer in [Cu2+–O2−–Cu2+] [195], 

implying the presence of Cu in the form of oligomeric species. The shoulder adsorption band 

at about 250 nm, assigned to Cu+, was more pronounced with an increase in Cu loading [196, 

197]. The shoulder band between 300 nm and 430 nm corresponds to the transitions of Cu2+ 

in tetragonal oxygen configuration [198]. The adsorption band at about 430–600 nm is related 

to the d-d transitions of Cu2+ in octahedral oxygen configuration or tetragonally distorted 

CuOx species [193, 199]. Obviously, the Cu/zeolites with Cu loading of more than 5 wt% 

exhibited a much strong adsorption peak at a high wavelength compared to Cu loading of less 

than 5 wt%, implying that Cu species are favorable for the formation of copper oxides on the 

zeolite surface. Furthermore, Cu/zeolite catalysts showed significant enhancements of 

intensities near 210 nm with an increase in Cu loadings, meaning that there was an increase 

in the amount of isolated Cu2+ ions. The results of UV–vis matched well with the XRD 

because CuO clusters were detected over the Cu/zeolites with Cu loading of more than 5 wt%. 
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Figure 2.10 UV–vis diffuse reflectance spectroscopy (DRS) of parent zeolites and Cu/zeolite 

catalysts according to Cu loadings: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 
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XPS characterization was carried out to further investigate the oxidation states of Cu 

oxides and various elements of 5Cu/zeolites. The XPS survey scan of 5Cu/zeolites showed 

the presence of Al 2p, Si 2p, Si 2s, C 1s, O 1s and Cu 2p peak, as shown in Figure 2.11(a). 

All the catalyst samples were mounted on a carbon tape, which was responsible for the C 1s 

spectra at 285.1 ± 1.0 eV in the survey scan. As shown in the high resolution XPS spectra of 

Cu 2p (Figure 2.11(b)), the copper oxide was present in two oxidation states, cupric oxide 

(CuO) and cuprous oxide (Cu2O), on the surface of 5Cu/zeolites. In addition, three satellite 

peaks located at 941.6 ± 0.5 eV, 944.8 ± 0.4 eV, and 963.6 ± 0.4 eV were also observed, 

indicating the existence of divalent copper (Cu2+) species [200, 201]. The two spectra of Cu 

2p3/2 and Cu 2p1/2 located at 933.6 ± 0.1 eV and 953.3 ± 0.2 eV were attributed to the spin-

orbit splitting of the bivalent Cu2+ [202]. The spectra of Cu 2p3/2 were deconvoluted into two 

peaks centered at 933.5 ± 0.2 eV and 935.8 ± 0.3 eV, corresponding to Cu+ in pure Cu2O and 

Cu2+ in pure CuO, respectively [203, 204]. The deconvoluted spectra of Cu 2p1/2 were 

centered at 953.3 ± 0.2 eV and 956.2 ± 0.2 eV, where the former was assigned to the presence 

of Cu+ in Cu2O and the latter to the presence of Cu2+ in CuO, respectively [203, 205]. 

The results of Cu 2p XPS spectra matched well with the XRD patterns because CuO 

species was present in the 5Cu/zeolites. Moreover, XPS measurement provided more precise 

valent states of Cu compared to XRD because Cu2O was not observed in the XRD patterns. 

The Si 2p peaks for all the 5Cu/zeolite catalysts were observed at 103.8 ± 0.1 eV (Figure 

2.11(c)), indicating the presence of O–Si–O bonds in the zeolite structure [206]. The XPS 

spectra of Al 2p were also observed at 75.2 ± 0.1 eV (Figure 2.11(d)), revealing the existence 

of trivalent aluminum ion (Al3+ in Al2O3) in the zeolite structure [207]. 
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Figure 2.11 XPS spectra of 5Cu/zeolites: (a) full survey scan, (b) Cu 2p, (c) Si 2p, and (d) Al 

2p. 
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2.2.7 Identification of zeolite morphology 

Figure 2.12 shows the respective FE–SEM micrographs of the parent SSZ-13 zeolite 

and as-made Cu/SSZ-13 catalysts. The parent SSZ-13 exhibited a distinct morphology 

derived from the intrinsic chabazite framework, having three-dimensional cubic-shaped 

crystals. A clear shape edge of orthogonal morphology was observed for the parent SSZ-13, 

agglomerating small crystals with a size smaller than about 200 nm. The clear edge of 

morphology has resulted in the sharp intensities of XRD peak, as shown in Figure 2.8(a). The 

notable effect of Cu loading on the surface of Cu/SSZ-13 was that the edge of orthogonal 

morphology was relatively smooth compared to that of the parent SSZ-13, whereas no 

deformation and defect of the inherent SSZ-13 morphology was observed for the 1Cu/SSZ-

13 and 5Cu/SSZ-13 catalysts. 

As illustrated in Figure 2.13, the parent ZSM-5 zeolite exhibited a regular three-

dimensional cubic-shaped morphology and agglomerated into spherical shape with a uniform 

size of nearly 15 nm. The impregnation of Cu species into the parent ZSM-5 caused little 

deformation of the inherent morphology, and the crystals were distributed uniformly. 

Furthermore, there were many inter-connected pores in the parent ZSM-5 and Cu/ZSM-5, 

indicating the presence of higher intercrystalline mesoporosity. 

The SEM micrographs of the parent BETA and Cu/BETA are characterized as shown in 

Figure 2.14. The parent BETA zeolite had a three-dimensional sphere-shaped morphology, in 

which the boundaries of the primary nano-crystals could be distinctly observed, and moreover, 

the small crystals were irregularly distributed. After adding the Cu species, the primary 

particles were also observed, and there were no deformations or defects like those observed 

for Cu/SSZ-13 and Cu/ZSM-5. An average size of the primary crystals for the 5Cu/BETA, 

for example, were nearly 40 nm, and the amount of Cu loading into the parent BETA zeolite 
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did not affect the basic morphology of the BETA zeolite. This finding suggests that the 

Cu/BETA catalysts are phase-pure and have the high crystallinity like those of Cu/SSZ-13 

and Cu/ZSM-5. The ZSM-5 and BETA zeolites had a lot of inter-connected mesopores in 

their frameworks, being consistent with the results of N2–isotherms (Figure 2.6) and physical 

properties (Table 2.4) that both zeolites possessed more total pore volume compared to that 

of the SSZ-13 zeolite. 

 

 

 

 

 

Figure 2.12 High-resolution FE–SEM micrographs of both parent SSZ-13 and as-made 

Cu/SSZ-13 with magnification from 15,000 to 100,000. 
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Figure 2.13 High-resolution FE–SEM micrographs of both parent ZSM-5 and as-made 

Cu/ZSM-5 with magnification of 15,000 to 150,000. 
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Figure 2.14 High-resolution FE–SEM micrographs of both parent BETA and as-made 

Cu/BETA with magnification of 18,000 to 200,000. 
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2.2.8 Identification of Cu particle size 

To identify the impregnated Cu metal particles, the FE–TEM micrographs of as-made 

Cu/zeolite catalysts are analyzed, as illustrated in Figure 2.15. The small dark sphere-shaped 

spots are attributed to the nano-scaled copper oxide, and the faint background represents the 

zeolite support. The Cu particles were well homogeneously dispersed on the surface of 

respective parent zeolite, whereas the size of Cu particle grow with an increase in the Cu 

loading. For example, one large particle could be observed over the 5Cu/SSZ-13 and 

10Cu/BETA, in which small Cu oxides may agglomerate together to form larger Cu clusters. 

For in-depth understanding of the relation between the Cu loading and particle size of 

Cu oxide, the particle size of Cu and its distribution were analyzed using an ImageJ software. 

As illustrated in Figure 2.15, all the Cu/zeolite catalysts had relatively narrow particle size 

distributions of the Cu metal, whereas only 5Cu/SSZ-13 showed in a broad range of 5–20 

nm. the amounts of Cu loading slightly affected the Cu particle size, growing the Cu diameter 

with an increase in the Cu loading. Almost 100 Cu particles was identified from the FE–TEM 

micrographs, and they were analyzed according to their diameter, as shown in Figure 2.16 

and Figure 2.17. For the Cu/ZSM-5 and Cu/BETA catalysts, the particle diameter of Cu was 

distributed in a range of 1–5 nm. Furthermore, all the Cu particles were well dispersed even 

though the loading amount of Cu was more than 5 wt%, where the particle diameter of Cu 

was less than 5 nm for 10Cu/ZSM-5 and 10Cu/BETA. Whereas, the Cu/SSZ-13 catalysts 

showed a different trend, in which 5Cu/SSZ-13 showed a broad range of Cu diameter more 

than 6 nm. These findings indicate that the impregnated Cu species may be agglomerated 

together in the zeolite framework, when excess Cu was introduced to the SSZ-13 zeolite. For 

example, an average diameter of Cu particle was the order of 5Cu/BETA (DCu = 2.3 nm) ˂ 

5Cu/ZSM-5 (DCu = 2.5 nm) ˂ 5Cu/SSZ-13 (DCu = 10.4 nm), whose findings were very 
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Figure 2.15 FE–TEM micrographs of Cu/zeolite catalysts according to Cu loading amounts: 

(a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 
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interesting because the zeolite topology was expected to play an important role in dispersion 

of the Cu species. Similarly, to compare with the effect of Cu loading amounts, 1Cu/zeolite 

catalysts were also investigated; an average diameter of Cu was 3.1 nm (1Cu/SSZ-13), 2.0 

nm (1Cu/ZSM-5), and 1.5 nm (1Cu/BETA), respectively. These results suggest that the 

zeolite topology would affect the particle diameter of Cu; thus, the smaller the pore-opening 

size of SSZ-13 with the CHA framework, the larger the size of the dispersed Cu particles. 

These findings are in good agreement with a previous study reported by Pereda-Ayo et 

al. [208], where the Cu particle size distribution of Cu/ZSM-5 and Cu/BETA with 1.2–5.8 

wt% Cu loading was compared. Only small particles (diameter < 1.5 nm) were dispersed on 

the Cu/BETA catalysts, whereas both small and large particles were dispersed on ZSM-5. 

 

 

 

 

Figure 2.16 Cu particle distributions (a) Cu/SSZ-13, (b) Cu/ZSM-5, (c) Cu/BETA, and (d) 

average particle diameter of Cu for Cu/zeolites as a function of Cu loading: nearly 100 Cu 

particles were analyzed from FE–TEM micrographs. 
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Figure 2.17 Particle size distributions and average particle diameter of Cu species for the as-

made Cu/zeolite catalysts as a function of Cu loading. 
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The zeolites affected the nature of the Cu species formed, where the zeolite structures 

also seemed to be involved. They postulated that that the major reason for the size difference 

was related to the accessible volumes of each zeolite, where the accessible volumes of ZSM-

5 and BETA were 10 and 23%, respectively [208–211]. The maximum diameter of a sphere 

that can be included in these zeolite structures was 6.36 Å for MFI and 6.68 Å for BEA. In 

the present study, the accessible volume and the maximum diameter of a sphere that can be 

accommodated in the SSZ-13 zeolite with the CHA framework are ca. 17.3% and 7.37 Å, 

respectively [211]. According to our findings, the Cu particle size was closely related to the 

diffusion diameter of the zeolite structure rather than the accessible volume and maximum 

diameter of the sphere. The intra-crystalline diffusion diameter of the respective zeolites 

followed the order: 3.73 Å (SSZ-13) < 4.70 Å (ZSM-5) < 5.95 Å (BETA) [209–211]. The 

copper precursor, copper(II) nitrate trihydrate solution, used for the impregnation process is 

expected to diffuse more easily into the ZSM-5 and BETA pores than into those of SSZ-13; 

therefore, relatively small particles could be dispersed on the ZSM-5 and BETA zeolites. 

Furthermore, the effect of Cu loading on its distribution to the zeolite support may be 

related to the distinct framework types of zeolite. As illustrated in the Figure 2.18, the zeolites, 

CHA, MFI, and BEA, had a variety of channels and regular pore-opening sizes derived from 

the three-dimensional framework structures. The pore-opening of MFI with the medium pore 

(10-ring) and BEA with the large pores (12-ring) is ca. 5.1–5.6 Å [212, 213] and 5.6–6.7 Å 

[213, 214] in size, respectively. The pore-opening of CHA with the super small pores is ca. 

2.9-3.8 Å [213]. The ionic radius of Cu+ and Cu2+ is nearly 0.77 Å and 0.73 Å, respectively. 

When the Cu precursor (Cu(NO3)2·3H2O) is introduced into the zeolite frameworks, it could 

be comparatively free to access to the internal channels of ZSM-5 and BETA zeolite, whereas 

Cu species was restricted by the geometry-limit in the SSZ-13 zeolite. 
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(a) CHA framework (⊥[001] 8-ring, pore-opening = 3.8 × 3.8 Å) 

 

     

(b) MFI framework (⊥[100] 10-ring, pore-opening = 5.1 × 5.6 Å) 

 

     

(c) BEA framework (⊥[100] 12-ring, pore-opening = 5.6 × 6.7 Å) 

Figure 2.18 Zeolite frameworks and pore-opening sizes: (a) CHA (chabazite), (b) MFI (ZSM-

5), and (c) BEA (BETA) zeolite. 
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2.3 Summary 

The Cu/zeolite catalysts were prepared by an incipient wetness impregnation method, in 

which the Cu precursor (Cu(NO3)2·3H2O) was impregnated to the three different parent 

zeolites, having distinct frameworks with CHA, MFI, and BEA, respectively. The loading of 

Cu for as-made Cu/zeolite has been determined in a range of 1–10 wt%. To investigate the 

physical and chemical properties, the powder Cu/zeolite catalysts have been analyzed by a 

variety of techniques, including the ICP–AES, N2–isotherms, powder XRD, solid-state 27Al 

MAS–NMR, UV–vis DRS, XPS, high-resolution FE–SEM, and FE–TEM. 

From the ICP–AES analysis, the Si/Al ratios of all the Cu impregnated catalysts over 

the respective zeolite were in good agreement with those of the parent zeolite. The loading 

levels of Cu metal species for all the powder catalysts were close to the theoretical loading 

amount, suggesting that the Cu species has been successfully introduced to the respective 

zeolite framework. 

The nitrogen adsorption-desorption isotherms at 77 K were carried out to characterize 

the surface area, pore size, and pore volume. Among the three parent zeolites, SSZ-13 with 

the chabazite topology showed by far the largest BET specific surface area; the order of BET 

specific surface area was SSZ-13 (837.1 m2/g) > BETA (579.1 m2/g) > ZSM-5 (434.3 m2/g). 

The loading of Cu to the zeolite support led to a drop of BET specific surface area, which 

could be explained that metal Cu species covered both the internal and external surface of 

zeolite, resulting in blocking the accessible zeolite pores. 

The powder XRD patterns of all the as-made Cu/zeolite catalysts have clearly indicated 

that the impregnation of Cu species did not affect any modification of the zeolite structure; 

thus, the Cu/zeolite catalysts could maintain their highly well-ordered hierarchical structures. 

The decrease in major peak intensities has been attributed to a higher adsorption coefficient 
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of metal Cu species, which was highly dispersed on the zeolite support. 

The local coordination of Al species in the zeolite was identified to demonstrate the 

effect of Cu loading on the stability of zeolite framework over the as-made Cu/zeolite 

catalysts. 27Al NMR chemical shift (δ27Al) of the parent zeolites has been observed at around 

δ27Al = 59.4 ppm (SSZ-13), 54.9 ppm (ZSM-5), and 54.2 ppm (BETA), implying that one 

aluminum atom was shared with the neighboring 4 oxygen atoms. Thus, Al species of all the 

parent zeolites were in tetrahedral coordination (AlIV). When increasing the amounts of Cu 

loading into the parent zeolites, δ27Al values have showed a tendency to shift toward lower 

chemical shift region with less than 2 ppm, which indicated that the average Al‒O‒Si angles 

were influenced by the impregnated Cu species. 

To identity the structural coordination and chemical nature of Cu species, the Cu/zeolite 

catalysts were analyzed by UV–vis DRS spectroscopy. The adsorption spectra showed two 

different bands, where a narrow band with the peak center at nearly 210 nm and a broad band 

between 300 nm and 600 nm. The adsorption peak centered at nearly 210 nm was indicative 

of the charge transfer band of the oxygen -to-metal related to the Cu2+ ions from lattice oxygen 

to isolated Cu ions stabilized in the zeolite framework. The band between 300 nm and 450 

nm was related to the transitions of Cu2+ in tetragonal oxygen configurations, and the band at 

about 600 nm corresponded to the d-d transitions of Cu2+ in octahedral oxygen configurations. 

The Cu/zeolite catalysts exhibited that Cu species was more in favorable for the formation of 

CuOx clusters in the zeolite structures with an increase in the Cu loading. 

The crystal morphology of the Cu/zeolite catalysts was analyzed by high-resolution FE–

SEM. The parent SSZ-13 and Cu/SSZ-13 exhibited a three-dimensional cubic-shaped 

morphology. The loading of Cu to the SSZ-13 zeolite made the edge of orthogonal 

morphology relatively smooth, resulting in a decrease in the crystallinity, whereas no 
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deformations and defects of the inherent SSZ-13 morphology could be observed. Cu/SSZ-13 

and Cu/BETA exhibited a cubic and sphere-shaped morphology, respectively. After addition 

of the Cu species to the respective zeolite, the three-dimensional morphology maintained 

uniformly, and there was no deformation like in the case of Cu/SSZ-13. The ZSM-5 and 

BETA zeolite had a lot of inter-connected mesopores in their frameworks, resulting in having 

more total pore volume compared to that of the SSZ-13 zeolite. 

The high-resolution STEM was analyzed to identify the distribution of impregnated Cu 

species over the Cu/zeolite catalysts. The nano-scaled Cu particles were well dispersed on the 

zeolite supports, growing the Cu diameter with an increase in the Cu loading. For the 

Cu/ZSM-5 and Cu/BETA, the particle diameter of Cu was in a range of 1–5 nm. The excess 

loading of Cu more than 5 wt% has resulted in slightly larger Cu particle less than 5 nm 

compared to 1Cu/zeolite. However, Cu/SSZ-13 showed an interesting feature, in which 

5Cu/SSZ-13 had a broad range of Cu diameter more than 5 nm. These findings indicated that 

the Cu species might be agglomerated together in the zeolite framework, when excess Cu was 

introduced to the SSZ-13 zeolite. The effect of Cu loading on its particle distribution over the 

respective Cu/zeolite catalyst may be related to the inherent framework types of zeolite. The 

different three kinds of zeolites, which are CHA, MFI, and BEA, have various channels and 

determined pore-opening size derived from the hierarchical three-dimensional topology. The 

pore-opening size followed the order of CHA (8-ring, 2.9–3.8 Å) ˂ MFI (10-ring, 5.1–5.6 Å) 

˂ BEA (12-ring, 5.6–6.7 Å); thus, Cu species was restricted by the geometry-limit diffusion 

in the SSZ-13 zeolite. 
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Chapter 3. Catalytic Performance of C3H6-SCR 

3.1 Experimental conditions for evaluation of C3H6-SCR 

In this chapter, the selective catalytic reduction of NOx using propene (C3H6) as a 

reducing agent is evaluated over the copper-containing zeolites with different types of 

frameworks to identify the optimal copper/zeolite catalysts. A detailed comparison of the 

zeolite frameworks for copper-loaded catalysts supported on a small pore 8-ring chabazite 

(Cu/SSZ-13), a medium pore 10-ring MFI (Cu/ZSM-5), and a large pore 12-ring BEA 

(Cu/BETA) under various copper loading conditions are performed. 

To investigate the effect of reactor system on catalytic performance, the characteristics 

of NOx reduction for HC-SCR were evaluated by a laboratory-scale normal-pressure fixed-

bed synthetic gas catalytic reactor. The washcoated monolithic catalyst was placed in the 

quartz reactor with a diameter of 19.5 mm and length of 350 mm. The reaction temperature 

of the quartz reactor was controlled by a ceramic electric furnace (ARF-40KC, Asahi Rika 

manufacturing) with kanthal (FeCrAl alloy) wire. A K-type thermocouple (1.0 mm of 

diameter) was located at 5 mm in front of the monolithic catalyst to monitor the catalytic 

reaction temperature. The catalytic activity of the SCR catalysts was investigated in transient 

mode within the 150–600℃ range at a ramp-up rate of 5 ℃/min. All the reaction temperatures 

of the catalyst reported herein refer to the inlet temperature. After the catalytic reaction in the 

quartz reactor, the concentrations of the product gas, NO, NO2, N2O, NH3, HNCO, CO, and 

C3H6 were continuously measured by a Fourier transform infrared instrument (FTIR, Midac 

I-2004). The experimental apparatus of catalytic reactor equipped with the quartz reactor is 

illustrated in the Figure 3.1. Table 3.1 summarizes the gas compositions and reaction 

conditions for evaluating the C3H6-SCR catalyst. 

The catalytic performance of NOx reduction for the HC-SCR process was evaluated in
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transient-state conditions in a temperature range of 150–600℃ with a heating rate of 5 ℃/min. 

Prior to evaluating the catalytic reaction, the monolithic honeycomb catalyst was first 

exposed to 8 vol.% O2 and N2 balance 500℃ for 30 min with at a flow rate of 1.5 L/min to 

clean the catalyst surfaces. Subsequently, pretreated catalyst was flushed with only pure N2 

gas at a flow rate of 1.5 L/min for 30 min, followed by cooling to 150℃ by flushing with N2. 

After the desired gases for evaluating the HC-SCR performance were introduced up to the 

saturation levels of NOx, CO, and reducing agent at 150℃, the reaction temperature was 

gradually increased from 150 to 600℃. The NOx conversion (ηNOx), C3H6 conversion (ηC3H6), 

C4H10 conversion (ηC4H10), and CO conversion (ηCO) were respectively calculated by applying 

the following equations: 
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where, the superscripts “in” and “out” denote the gas concentrations monitored at the inlet 

and outlet of the reactor. The N2 yield (SN2) and NH3 selectivity (SNH3) were also calculated 

by applying the following equations to investigate the undesired side- reactions of HC-SCR. 
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Figure 3.1 Experimental apparatus of laboratory-scale quartz reactor for evaluating catalytic 

reaction of HC-SCR process. 

 

Table 3.1 Experimental conditions for evaluation of C3H6-SCR. 

Parameters C3H6–SCR reaction 

Reductant Propene (C3H6) 

Nitrogen monoxide (NO) 500 ppm 

Oxygen (O2) 8 vol.% 

Carbon monoxide (CO) 500 ppm 

Carbon dioxide (CO2) 10 vol.% 

Water vapor (H2O) 5 vol.% 

Balance gas N2 

Propene (C3H6) 500, 1000, 2000, and 4000 ppm C1 

HC/NOx ratio 1, 2, 4, and 8 

Total flow rate 1.67 L/min 

Temperature 150 – 600℃ (5 ℃/min ramp-up) 

Gas hourly space velocity (GHSV) 12,500 h−1 
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3.2 De-NOx performance of Cu/zeolite 

3.2.1 De-NOx performance of Cu/SSZ-13 

Figure 3.1 shows the de-NOx performance of the parent SSZ-13 and Cu/SSZ-13 for 

HC/NOx ratios between 1 to 8. All catalysts exhibited identical tendencies to increase NOx 

conversions, as did increasing the HC/NOx ratio. A higher HC/NOx could be achieved by 

increasing the HC/NOx ratio, because the NOx reduction was enhanced when more of the 

reducing agent was available. When HC/NOx = 8, the highest NOx conversion of 58.2% was 

observed for 1Cu/SSZ-13 at 420℃ (Figure 3.1(b)), whereas the parent SSZ-13 without 

copper loading showed the lowest NOx conversion of less than 32% at 510℃ (Figure 3.1(a)). 

The maximum NOx conversion ranged from 32% to 58%, in the following order: 1Cu/SSZ-

13 (58.2% at T = 420℃) > 5Cu/SSZ-13 (51.7% at T = 420℃) > parent SSZ-13 (31.9% at T 

= 510℃). It is worth noting that the loading of Cu into the SSZ-13 zeolite highly improved 

the de-NOx performance, which implies that the Cu species impregnated to the SSZ-13 

zeolite provide the active sites for reducing NOx. 

 

 

3.2.2 De-NOx performance of Cu/ZSM-5 

The effects of Cu loading and HC/NOx ratio on the temperature dependence of the de-

NOx performance compared to that of the respective Cu/ZSM-5 catalysts are depicted in 

Figure 3.2. The NOx conversion of all the catalysts was highly dependent on the HC/NOx 

ratios. Among the Cu/ZSM-5 catalysts, 2Cu/ZSM-5 (Figure 3.2(c)) demonstrated the highest 

de-NOx performance at HC/NOx = 8, exhibiting 68.5% NOx conversion at 360℃, whereas 

the parent ZSM-5 without copper loading exhibited the lowest NOx conversion of less than 

30% at 540℃ even at the highest HC/NOx ratio (Figure 3.2(a)). The loading of copper into 
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Figure 3.2 NOx conversion of Cu/SSZ-13 as a function of reaction temperature at HC/NOx 

ratios from 1 to 8: (a) parent SSZ-13, (b) 1Cu/SSZ-13, and (c) 5Cu/SSZ-13. 

 

 

the ZSM-5 zeolite is beneficial for improving the catalytic activity for NOx reduction as well 

as shifting the temperature windows of maximum NOx conversion toward lower 

temperatures. The copper loading also considerably affected the de-NOx performance. The 

maximum NOx conversion ranged from 38% to 68%, in the following order: 2Cu/ZSM-5 

(68.5% at T = 360℃) > 10Cu/ZSM-5 (61.9% at T = 345℃) > 5Cu/ZSM-5 (47% at T = 405℃) 

> 1Cu/ZSM-5 (38.2% at T = 465℃) > parent ZSM-5 (29.9% T = 540℃). 
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represented in Figure 3.3 for various HC/NOx ratios. It is seen that high NOx conversion was 

obtained for the catalyst with the highest Cu loading, which is the 10Cu/BETA catalyst, 

exhibiting 56.1% NOx conversion at 375℃ at HC/NOx = 8 (Figure 3.3(e)). The maximum 

NOx conversion gradually increased with an increase in the Cu loading in the following order: 

10Cu/BETA (56.1% at T = 375℃) > 5Cu/BETA (48.2% at T = 420℃) > 2Cu/BETA (28% at 

T = 480℃) > 1Cu/BETA (15.2% at T = 495℃) > parent BETA (7.7% at T = 525℃). However, 

the parent BETA zeolite showed the lowest de-NOx performance of less than 8% (Figure 

3.3(a)), which exhibited a similar trend to the parent SSZ-13 and ZSM-5 zeolite. The increase 

in Cu loading also shifted the temperature window of the de-NOx activity toward the low 

temperature region. When HC/NOx = 8, 10Cu/BETA showed a maximum de-NOx 

performance at 375℃, whereas the parent BETA showed a maximum de-NOx performance 

at 525℃. Therefore, the loading of Cu into BETA zeolites clearly improved the de-NOx 

performance at low temperatures because the Cu species acted as active sites for reduction of 

NOx over the Cu/BETA catalysts. 
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Figure 3.3 NOx conversion of Cu/ZSM-5 as a function of reaction temperature at HC/NOx 

ratios from 1 to 8: (a) parent ZSM-5, (b) 1Cu/ZSM-5, (c) 2Cu/ZSM-5, (d) 5Cu/ZSM-5, and 

(e) 10Cu/ZSM-5. 
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Figure 3.4 NOx conversion of Cu/BETA as a function of reaction temperature at HC/NOx 

ratios from 1 to 8: (a) parent BETA, (b) 1Cu/BETA, (c) 2Cu/BETA, (d) 5Cu/BETA, and (e) 

10Cu/BETA. 
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3.3 C3H6 conversion of Cu/zeolite 

The catalytic performance of the C3H6-SCR for de-NOx over all the Cu/zeolite catalysts 

was significantly dependent of the HC/NOx ratios, with a proportional relationship, because 

more of the reducing agent would be available for NOx reduction. Figure 3.5 shows the C3H6 

conversion over the pure zeolites and Cu/zeolite catalysts during the SCR reaction with NOx 

at HC/NOx = 8. It is clear that increasing the Cu loading, where Cu is the active material for 

the C3H6-SCR, substantially enhanced the rate of C3H6 oxidation over all the tested Cu/zeolite 

catalysts. In addition, the higher Cu loading, the lower the light-off temperature (LOT50) of 

C3H6 is. This was evident in the case of Cu/BETA, in which the LOT50 of C3H6 declined with 

an increase in the Cu loading in the following order (Figure 3.5(c)): 281℃ (10Cu/BETA) < 

308℃ (5Cu/BETA) < 319℃ (2Cu/BETA) < 343℃ (1Cu/BETA) < 462℃ (parent BETA). In 

the case of the 5Cu/zeolite catalysts at HC/NOx = 8, the LOT50 values for C3H6 conversion 

over the 5Cu/SSZ-13 and 5Cu/BETA catalysts were 260℃ and 308℃, which are lower than 

that of 5Cu/ZSM-5 (LOT50 at 329℃). The LOT50 for C3H6 conversion by the Cu/SSZ-13 

catalysts followed a trend similar to that of Cu/BETA and Cu/ZSM-5 at other HC/NOx ratios, 

as represented in Figures 3.6–3.8. 
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Figure 3.5 C3H6 conversion of parent zeolites and Cu/zeolite catalysts as a function of reaction 

temperature at HC/NOx = 8: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 

 

 

  

 

Figure 3.6 C3H6 conversion of parent zeolites and Cu/zeolite catalysts as a function of reaction 

temperature at HC/NOx = 1: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 
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Figure 3.7 C3H6 conversion of parent zeolites and Cu/zeolite catalysts as a function of reaction 

temperature at HC/NOx = 2: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 

 

 

  

 

Figure 3.8 C3H6 conversion of parent zeolites and Cu/zeolite catalysts as a function of reaction 

temperature at HC/NOx = 4: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 

150 200 300 400 500 600
-20

0

20

40

60

80

100
(a)

C
3H

6 
co

nv
er

si
on

, η
C

3H
6 [

%
]

Temperature, T [°C]

 HC/NOx = 2
  SSZ-13
  1Cu/SSZ-13
  5Cu/SSZ-13 

150 200 300 400 500 600
-10

0

20

40

60

80

100
(b)

C
3H

6 
co

nv
er

si
on

, η
C

3H
6 [

%
]

Temperature, T [°C]

 HC/NOx = 2
  ZSM-5
  1Cu/ZSM-5
  2Cu/ZSM-5
  5Cu/ZSM-5
  10Cu/ZSM-5 

150 200 300 400 500 600
-10

0

20

40

60

80

100
(c)

C
3H

6 
co

nv
er

si
on

, η
C

3H
6 [

%
]

Temperature, T [°C]

 HC/NOx = 2
  BETA
  1Cu/BETA
  2Cu/BETA
  5Cu/BETA
  10Cu/BETA 

150 200 300 400 500 600
-20

0

20

40

60

80

100
(a)

C
3H

6 
co

nv
er

si
on

, η
C

3H
6 [

%
]

Temperature, T [°C]

 HC/NOx = 4
  SSZ-13
  1Cu/SSZ-13
  5Cu/SSZ-13 

150 200 300 400 500 600
-10

0

20

40

60

80

100
(b)

C
3H

6 
co

nv
er

si
on

, η
C

3H
6 [

%
]

Temperature, T [°C]

 HC/NOx = 4
  ZSM-5
  1Cu/ZSM-5
  2Cu/ZSM-5
  5Cu/ZSM-5
  10Cu/ZSM-5 

150 200 300 400 500 600
-10

0

20

40

60

80

100
(c)

C
3H

6 
co

nv
er

si
on

, η
C

3H
6 [

%
]

Temperature, T [°C]

 HC/NOx = 4
  BETA
  1Cu/BETA
  2Cu/BETA
  5Cu/BETA
  10Cu/BETA 



 

Chapter 3. Catalytic Performance of C3H6-SCR 3.4 CO conversion of Cu/zeolite

 

87 

3.4 CO conversion of Cu/zeolite 

During the C3H6-SCR process, 500 ppm of CO was simultaneously introduced in the 

feed gas. CO conversion was also investigated over all the parent zeolites and Cu/zeolite 

catalysts. As illustrated in Figure 3.9(a), it is found that the ZSM-5 zeolite could not oxidize 

CO into CO2 because negative CO conversion was obtained with the evaluated temperature 

window, and more CO was produced with an increase in HC/NOx ratios. CO conversion 

gradually decreased with an increase in reaction temperature up to 570℃, when it began to 

increase. The CO conversion substantially decreased over the ZSM-5 zeolite from −134.3% 

at HC/NOx = 1 to −890.3% at HC/NOx = 8. CO conversion over the parent SSZ-13 and 

BETA zeolites also followed a trend similar to that of the ZSM-5 zeolite (Figures 3.10–3.12), 

indicating that the zeolite without Cu loading could not oxidize CO. Considering the possible 

reaction for CO formation, this is attributed to the partial oxidation reaction of C3H6 by O2, 

as expressed in reaction (3.7) 

 

 3 6 2 2 2NO C H O N CO H O      (3.7)

 

Comparison of the CO conversion of the parent zeolites and Cu/zeolites at HC/NOx = 8 

(Figure 3.9(b)–(d)) shows that increasing the Cu loading shifted the initial temperature of CO 

conversion to lower temperatures because the impregnated Cu species provided active sites 

for oxidation of CO to CO2 over the Cu/zeolites: for example, 510℃ (1Cu/BETA) > 495℃ 

(2Cu/BETA) > 420℃ (5Cu/BETA) > 360℃ (10Cu/BETA). Furthermore, complete oxidation 

of CO was obtained at even lower temperatures with the highest Cu loadings in the following 

order: 5Cu/SSZ-13 (345℃) < 10Cu/ZSM-5 (405℃) < 10Cu/BETA (590℃). Among the three 

types of Cu/zeolite catalysts with the same Cu loading, 5Cu/SSZ-13 exhibited the best activity 

for CO oxidation compared to 5Cu/ZSM-5 and 5Cu/BETA. As illustrated in Figure 3.9, the 
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LOT50 of CO over the 5Cu/SSZ-13 was 274℃, which is far lower than that of 5Cu/ZSM-5 

(513℃) and 5Cu/BETA (348℃). The sizes of the intra-crystalline channels of the zeolites 

and guest molecules affect the zeolite diffusivity, namely geometry-limited diffusion [215]. 

The pore-openings of SSZ-13 with extremely small pores are about 2.9–3.8 Å [213], and 

those of ZSM-5 with medium pores and BETA with large pores are about 5.1–5.6 Å [213] 

and 5.6–6.7 Å [213, 214], respectively. The kinetic diameter of the CO molecule is about 3.69 

Å [216, 217]. Thus, the molecular size of CO is small enough to pass through the internal 

channels of the three zeolites. However, considering the accessibility of molecular CO to 

active sites in the zeolite, CO molecules have a relatively favorable proximity to the active 

sites in the SSZ-13 zeolite, and this zeolite exhibited higher CO conversion than that of the 

ZSM-5 and BETA zeolites. 

 

   

    

Figure 3.9 CO conversion of (a) parent ZSM-5 zeolite according to HC/NOx ratios from 1 to 

8 and (b) Cu/SSZ-13, (c) Cu/ZSM-5, and (d) Cu/BETA at HC/NOx = 8 as a function of 

reaction temperature. 
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Figure 3.10 CO conversion of parent zeolites and Cu/zeolite catalysts as a function of reaction 

temperature at HC/NOx = 1: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 

 

    
 

 

Figure 3.11 CO conversion of parent zeolites and Cu/zeolite catalysts as a function of reaction 

temperature at HC/NOx = 2: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 
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Figure 3.12 CO conversion of parent zeolites and Cu/zeolite catalysts as a function of reaction 

temperature at HC/NOx = 4: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 

 

 

 

 

 

 

 

150 200 300 400 500 600
-600

-500

-400

-300

-200

-100

0

100

(a)

C
O

 c
on

ve
rs

io
n,

 η
C

O
 [

%
]

Temperature, T [°C]

HC/NOx = 4
 SSZ-13
 1Cu/SSZ-13
 5Cu/SSZ-13

150 200 300 400 500 600
-600

-500

-400

-300

-200

-100

0

100

(b)

C
O

 c
on

ve
rs

io
n,

 η
C

O
 [

%
]

Temperature, T [°C]

HC/NOx = 4
 ZSM-5
 1Cu/ZSM-5
 2Cu/ZSM-5
 5Cu/ZSM-5
 10Cu/ZSM-5

150 200 300 400 500 600
-800

-600

-400

-200

0
100

(c)

C
O

 c
on

ve
rs

io
n,

 η
C

O
 [

%
]

Temperature, T [°C]

HC/NOx = 4
 BETA
 1Cu/BETA
 2Cu/BETA
 5Cu/BETA
 10Cu/BETA



 

Chapter 3. Catalytic Performance of C3H6-SCR 3.5 Temperature programmed oxidation of C3H6

 

91 

3.5 Temperature programmed oxidation of C3H6 

The formation of CO during the C3H6-SCR reaction was observed, and the parent 

zeolites could not oxidize CO simultaneously supplied in the feed stream. Considering the 

C3H6-SCR reaction, the hydrocarbon reductant participates in NOx reduction as well as in the 

partial oxidation with coexistent O2. The temperature programmed oxidation (TPO) of C3H6 

by O2 was carried out to evaluate the catalytic oxidation ability of parent zeolites and 

Cu/zeolites. CO formation was attributed to the incomplete oxidation of C3H6 by O2 to 

generate CO rather than CO2, as illustrated in Figure 3.13. Comparison of the CO formation 

over the parent zeolites and Cu/zeolites shows that CO formation was the predominant 

reaction over the parent zeolites. The findings of TPO experiments indicate that the 

hydrocarbon reductant was oxidized by O2 to CO and CO2, as expressed below in the 

reactions (3.8) and (3.9). The parent zeolites followed the reaction (3.8), whereas the 

Cu/zeolite catalysts followed the reaction (3.9) because C3H6 was oxidize to more CO2 than 

CO over the Cu/zeolites. The loading of Cu also enhanced the rate of partial oxidation of 

C3H6 during the C3H6-TPO: for example, 2Cu/ZSM-5 completely oxidized C3H6 at 465℃ 

(Figure 3.13(d)), however, the ZSM-5 zeolite without Cu loading could not completely 

oxidize C3H6 even at high temperature region (Figure 3.13(c)). From the C3H6-TPO 

experiments, the CO over COx ratios are compared, as illustrated in Figure 3.14. It is clear 

that all the Cu/zeolites could oxidize C3H6 to less CO compared to the parent zeolites. 

 

 3 6 2 2C H 3O 3CO 3H O    (3.8)

 3 6 2 2 2C H 4.5O 3CO 3H O    (3.9)
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Figure 3.13 Temperature programmed oxidation (TPO) of C3H6 by O2 over the parent zeolites 

and Cu/zeolite catalysts (TPO experiment: 4,000 ppm C1 C3H6 + 8 vol.% O2 + balance N2 at 

GHSV = 12,500 h−1). 
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Figure 3.14 CO over COx ratios after oxidation of C3H6 by O2 over the parent zeolites and 

Cu/zeolite catalysts: (a) SSZ-13 zeolite, (b) ZSM-5 zeolite, and (c) BETA zeolite. 
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3.6 N2 yield of Cu/zeolite 

One of the major drawbacks of some of the HC-SCR catalysts is the formation of 

undesired by-products, such as ammonia (NH3), acetonitrile (CH3CN), hydrogen cyanide 

(HCN), and nitrous oxide (N2O) [124, 169]. Thus, it is important to investigate the feasibility 

for HC-SCR, particularly from a viewpoint of the range of products that are produced during 

the HC-SCR process. 

During the C3H6-SCR reaction over the Cu/zeolite catalysts, N2 yields was examined by 

monitoring the possible by-products including nitrogen-containing species that are nitrous 

oxide (N2O), isocyanic acid (HNCO), and ammonia (NH3). Figure 3.15 shows the comparison 

of N2 yield and NOx conversion over all the tested Cu/zeolite catalysts at HC/NOx = 8. The 

N2 yield was consistent with the NOx conversion, implying that NOx was reduced to N2 by 

C3H6 without any accompanying side-reactions. Therefore, all the prepared Cu/zeolite 

catalysts could reduce NOx to N2 via the ideal HC-SCR reaction, as expressed in reaction 

(3.10). 

 

 2 3 6 2 2 22NO 3.5O C H N 3CO 3H O      (3.10)

 

The NOx conversion and N2 yield showed similar trends at other HC/NOx ratios, as 

illustrated in Figures 3.16–3.18. Although N2 yield decreased at HC/NOx ratios of less than 

8 due to a decrease in C3H6 available for NOx reduction, N2 yield followed the NOx 

conversion without producing any undesired by-products at all tested reaction temperatures. 

Thus, it can be concluded that the Cu/zeolite catalysts can reduce NOx to N2 via the ideal 

C3H6-SCR reaction without accompanying any side-reactions. 
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Figure 3.15 Comparison of reaction products after C3H6-SCR reaction at HC/NOx = 8. 
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Figure 3.16 Comparison of reaction products after C3H6-SCR reaction at HC/NOx = 1. 
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Figure 3.17 Comparison of reaction products after C3H6-SCR reaction at HC/NOx = 2. 
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Figure 3.18 Comparison of reaction products after C3H6-SCR reaction at HC/NOx = 4. 
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3.7 Summary 

In the work presented in Chapter 3, a series of Cu/zeolite catalysts has been investigated 

for the C3H6-SCR in the presence of O2, CO, CO2, and H2O. The de-NOx performances of 

Cu/zeolites were substantially affected by the zeolite framework as well as the Cu loading. 

The introduction of Cu into the parent zeolites improved the NOx conversion and shifted the 

temperature window to lower temperatures compared to those for the parent zeolites. To 

achieve a high NOx conversion, a high HC/NOx ratio was needed. Increasing the HC/NOx 

ratio was favorable for the catalytic activity because more reducing agent could participate in 

HC-SCR reaction with NOx during the partial oxidation of C3H6. Among the prepared 

Cu/zeolite catalysts, 2Cu/ZSM-5 demonstrated the highest conversion of NOx to N2 (68.5% 

at T = 360℃) at the highest HC/NOx ratio, followed by 1Cu/SSZ-13 (58.2% at T = 420℃) 

and 10Cu/BETA (56.1% at T = 375℃). Thus, the ZSM-5 zeolite, with a medium pore 

framework, was better suited for the C3H6-SCR process than SSZ-13, with a small pore 

framework, and BETA, with a large pore framework. The catalytic performance of the C3H6-

SCR for de-NOx over all the Cu/zeolite catalysts was significantly dependent of the HC/NOx 

ratios, with a proportional relationship, because more of the reducing agent would be 

available for NOx reduction. Increasing the Cu loading highly enhanced the rate of C3H6 

oxidation over all the tested Cu/zeolite catalysts. In addition, the higher Cu loading, the lower 

the light-off temperature (LOT50) of C3H6 was. The parent zeolites without Cu loading could 

not oxidize CO into CO2 because negative CO conversion was obtained with the evaluated 

temperature window, and more CO was produced with an increase in HC/NOx ratios. 

Increasing the Cu loading shifted the initial temperature of CO oxidation to lower 

temperatures because the impregnated Cu species provided active sites for oxidation of CO 

to CO2 over the Cu/zeolites. 
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Chapter 4. Catalytic Performance of C4H10-SCR 

4.1 Experimental conditions for evaluation of C4H10-SCR 

In this chapter, the selective catalytic reduction of NOx by n-butane (n-C4H10) over the 

copper-impregnated zeolites with different zeolite frameworks is evaluated to identify the 

optimal Cu/zeolite catalysts. The reducing agent, n-C4H10, has rarely been studied in the field 

of HC-SCR; thus, evaluating the catalytic performance of Cu/zeolite for C4H10-SCR is of 

great importance for furthering the commercial application of Cu-based zeolite catalysts for 

HC-SCR. The Cu-loaded catalysts supported on (1) small-pore 8-ring SSZ-13 (chabazite 

framework, Cu/SSZ-13), (2) medium-pore 10-ring ZSM-5 (MFI framework, Cu/ZSM-5), and 

(3) large-pore 12-ring BETA (BEA framework, Cu/BETA) are prepared with varying Cu 

loadings from 1 to 10 wt%, as described in Chapter 2. The effect of the C4H10/NOx ratios on 

the de-NOx performance is investigated. Table 4.1 summarizes the experimental conditions 

for evaluation of the C4H10-SCR, which is tested using a vertically fixed flow reactor at 

atmospheric pressure, as shown in Figure 3.1. The NOx conversion (ηNOx), C4H10 conversion 

(ηC4H10), CO conversion (ηCO), and N2 yield (SN2) were respectively calculated by applying 

the equations (Eq. (3.1), (3.3), (3.4), and (3.5)), as illustrated in Chapter 3. 

The temperature programmed oxidation of C4H10 (C4H10-TPO) was carried out to 

investigate the rate of C4H10 oxidation and reaction products at a range of 150–600℃, as 

summarized in Table 4.2. The adsorption capacity of NO and NO2 was calculated by the 

equation (4.1): Fgas is a total flow rate of supplied gas (L/min), Videal gas is the molar volume 

of ideal gas at 150℃ (L/mol), and tsat is the exposure time (min). The NOx adsorption capacity 

was tested with 500 ppm NO + 8 vol.% O2 + N2 in a total flow rate of 1.5 L/min for 60 min. 
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Table 4.1 Experimental conditions for evaluation of C4H10-SCR. 

Parameters C3H6–SCR reaction 

Reductant n-Butane (n-C4H10) 

Nitrogen monoxide (NO) 300 ppm 

Oxygen (O2) 8 vol.% 

Carbon monoxide (CO) 500 ppm 

Carbon dioxide (CO2) 10 vol.% 

Water vapor (H2O) 5 vol.% 

Balance gas N2 

n-Butane (n-C4H10) 300, 600, 1,200, and 1,800 ppm C1 

HC/NOx ratio 1, 2, 4, and 6 

Total flow rate 1.67 L/min 

Temperature 150 – 600℃ (5 ℃/min ramp-up) 

Gas hourly space velocity (GHSV) 12,500 h−1 

 

 

 

Table 4.2 Experimental conditions for temperature programmed oxidation of C4H10. 

 

 

 

 

 

Parameters C4H10–TPO 

n-Butane (n-C4H10) 1,800 ppm C1 

Oxygen (O2) 8 vol.% 

Balance gas N2 

Total flow rate 1.67 L/min 

Temperature 150 – 600℃ (5 ℃/min ramp-up) 

Gas hourly space velocity (GHSV) 12,500 h−1 
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4.2 De-NOx performance of Cu/zeolite 

4.2.1 De-NOx performance of Cu/SSZ-13 

The effects of the Cu loading and HC/NOx ratio on the reaction temperature-dependence 

of NOx conversion over the parent SSZ-13 without Cu, 1Cu/SSZ-13, and 5Cu/SSZ-13 are 

compared in Figure 4.1. The parent SSZ-13 zeolite could hardly reduce NOx at ratios less 

than HC/NOx = 2, and the maximum NOx conversion improved slightly from 9% at 600℃ 

to 35% at 435℃ with an increase in the HC/NOx ratio from 1 to 6. Notably, the addition of 

Cu to SSZ-13 zeolite resulted in lower NOx conversion than that of parent SSZ-13. The NOx 

conversion of Cu/SSZ-13 was negative at reaction temperatures below 400℃, despite an 

increase in the HC/NOx ratio, where the NOx conversion was 0.9% (parent SSZ-13), −15.2% 

(1Cu/SSZ-13), and −56% (5Cu/SSZ-13) at 255℃ and HC/NOx = 6. These findings indicate 

that a higher Cu loading over the parent SSZ-13 could not reduce NOx at temperature below 

400℃. It is reasonable to assume that the negative NOx conversion may be attributed to 

desorbed NOx over the Cu/SSZ-13 catalysts, where the incorporation of Cu enhances the 

adsorption of NO; thus, more NOx could be desorbed. The temperature programmed 

desorption of NOx (NOx-TPD) was carried out to make logical sense whether Cu loading 

improves the adsorption capacity of NOx, and NOx-TPD will be further discussed in the next 

section. 

 

 

4.2.2 De-NOx performance of Cu/ZSM-5 

Figure 4.2 shows the de-NOx performance of the parent ZSM-5 zeolite and Cu/ZSM-5 

catalysts with various Cu loadings for C4H10-SCR at HC/NOx ratios between 1 and 6. All 

catalysts exhibited similar ability to enhance the NOx conversion, as did increasing the 
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Figure 4.1 NOx conversion of parent SSZ-13 zeolite and Cu/SSZ-13 in SCR with C4H10 as a 

function of reaction temperature at (a) HC/NOx = 1, (b) HC/NOx = 2, (c) HC/NOx = 4, and 

(d) HC/NOx = 6. 

 

HC/NOx ratio. The parent ZSM-5 zeolite without Cu loading was inactive for NOx reduction 

at HC/NOx ratios less than 2, similar to SSZ-13; whereas, the NOx conversion increased from 

−5.5% (HC/NOx = 1) to 25.3% (HC/NOx = 6) at 465℃. The impregnation of Cu into ZSM-

5 and increasing the HC/NOx ratio were substantially beneficial for NOx reduction, resulting 

in an increase in the NOx conversion compared to that achieved with pure ZSM-5. All 

Cu/ZSM-5 catalysts exhibited negative NOx conversion, similar to that of Cu/SSZ-13: for 

example, the NOx conversion was −14.2% (1Cu/ZSM-5), −21% (2Cu/ZSM-5), −16.4% 

(5Cu/ZSM-5), and −26% (10Cu/ZSM-5) for HC/NOx = 6 in the range of 285–300℃ because 

the adsorbed NOx was desorbed from the catalysts rather than reduced. Among the Cu/ZSM-

5 catalysts, 2Cu/ZSM-5 showed the highest catalytic activity for NOx reduction, exhibiting 
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73.6% of the maximum NOx conversion at 450–465℃ and HC/NOx = 6, whereas 1Cu/ZSM-

5 showed the lowest NOx conversion of less than 43.5% at 465℃, followed by 5Cu/ZSM-5 

(63.4%) and 10Cu/ZSM-5 (68.8%). In comparison with the parent ZSM-5 zeolite, loading 

Cu into ZSM-5 obviously improved the NOx conversion, indicating that the impregnated Cu 

species acted as primary active sites for reduction of NOx over the Cu/ZSM-5 catalysts. 

 

 

4.2.3 De-NOx performance of Cu/BETA 

The effects of the Cu loading and HC/NOx ratio on the de-NOx performance over the 

parent BETA zeolite without Cu loading and Cu/BETA catalysts as a function of the reaction 

temperature are shown in Figure 4.3. It is clear that the Cu/BETA catalyst with the highest 

Cu loading (10Cu/BETA) exhibited the best de-NOx performance, showing 58.4% of NOx 

conversion at 465℃ and HC/NOx = 6. The highest de-NOx performance of the parent BETA 

and Cu/BETA catalysts was achieved in the following order: 58.4% (10Cu/BETA) > 49.2% 

(5Cu/BETA) > 33.5% (parent BETA) > 29.3% (2Cu/BETA) > 25% (1Cu/BETA). The 

5Cu/BETA and 10Cu/BETA catalysts showed the maximum de-NOx performance within the 

temperature window of 450–465℃, whereas the 1Cu/BETA and 2Cu/BETA catalysts showed 

optimal performance at higher temperature regions ranging from 585 to 600℃. Moreover, 

the Cu/BETA catalysts with Cu loadings of less than 2 wt% exhibited even lower NOx 

conversion than that of the parent BETA zeolite at all the experimental conditions, except at 

reaction temperatures above 525℃ when HC/NOx = 6. Therefore, the loading of Cu into 

BETA zeolite was beneficial for NOx reduction under specific conditions, i.e., Cu loadings 

exceeding 5 wt% and higher HC/NOx ratios. 
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Figure 4.2 NOx conversion of parent ZSM-5 zeolite and Cu/ZSM-5 in SCR with C4H10 as a 

function of reaction temperature at (a) HC/NOx = 1, (b) HC/NOx = 2, (c) HC/NOx = 4, and 

(d) HC/NOx = 6. 

 

    

    

Figure 4.3 NOx conversion of parent BETA zeolite and Cu/BETA in SCR with C4H10 as a 

function of reaction temperature at (a) HC/NOx = 1, (b) HC/NOx = 2, (c) HC/NOx = 4, and 

(d) HC/NOx = 6. 
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4.3 C4H10 conversion of Cu/zeolite 

The catalytic performance of the C4H10-SCR for NOx reduction over the all the 

Cu/zeolite catalysts was significantly dependent on the HC/NOx ratios, with a proportional 

relationship, because more of the active reducing agent would be available for NOx reduction. 

Figures 4.4 and 4.5 show the C4H10 conversion over the parent zeolites and Cu/zeolite 

catalysts during the SCR reaction with NOx. It is clear that increasing the Cu loading 

substantially enhanced the rate of C4H10 oxidation. This was evident in the case of Cu/SSZ-

13, in which the light-off temperature (LOT50) of C4H10 declined with an increase in the Cu 

loading in the following order (Figure 4.4(b)): 453℃ (5Cu/SSZ-13) < 518℃ (1Cu/SSZ-13) 

< 553℃ (parent SSZ-13). In the case of the 5Cu/zeolite catalysts at HC/NOx = 6, the LOT50 

performance for C4H10 conversion over the 5Cu/ZSM-5 and 5Cu/BETA catalysts were 422℃ 

and 435℃, which are lower than that of 5Cu/SSZ-13. The LOT50 for C4H10 conversion by 

the Cu/ZSM-5 catalysts followed a trend similar to that of Cu/BETA and Cu/SSZ-13 at other 

HC/NOx ratios, as shown in Figures 4.4 and 4.5. 

From the C4H10 conversion experiments, the Cu species impregnated into the respective 

zeolite serve as active sites for the partial oxidation of C4H10. In addition, the de-NOx 

performance was closely related to the rate of C4H10 oxidation. As illustrated in Figure 4.2, 

2Cu/ZSM-5 exhibited the highest de-NOx performance, followed by 10Cu/ZSM-5 and 

5Cu/ZSM-5, and the C4H10 conversion for these Cu/ZSM-5 catalysts also followed an 

identical trend, as shown in Figure 4.4(d). When considering interaction of the reductant with 

the active sites, the relatively higher NOx conversion of Cu/ZSM-5 and Cu/BETA compared 

to that of Cu/SSZ-13 can be attributed to geometry-limited diffusion of C4H10 in the respective 

zeolite channels. As illustrated in Figure 4.6, the kinetic diameter of the n-C4H10 molecule is 

ca. 4.687 Å [216, 217], which is significantly larger than the pore-opening diameter of SSZ-
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13, indicating that C4H10 easily access the active sites in the channels of the ZSM-5 and BETA 

zeolite compared to those of SSZ-13. Therefore, the degree of geometry-limited diffusion 

affected the partial oxidation of C4H10, which is related to the de-NOx performance. 

 

 

 

    

    

    

Figure 4.4 Reductant (C4H10) conversion of pure zeolites and Cu/zeolites as a function of 

reaction temperature at HC/NOx = 1 and 6: (a), (b) Cu/SSZ-13, (c), (d) Cu/ZSM-5, and (e), 

(f) Cu/BETA. 
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Figure 4.5 Reductant (C4H10) conversion of pure zeolites and Cu/zeolites as a function of 

reaction temperature at HC/NOx = 2 and 4: (a), (b) Cu/SSZ-13, (c), (d) Cu/ZSM-5, and (e), 

(f) Cu/BETA. 

 

 

Figure 4.6 Comparison of kinetic diameter of n-C4H10 molecule and pore-opening diameter 

of zeolites. 
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4.4 CO conversion of Cu/zeolite 

During NOx reduction by C4H10, 500 ppm of CO was simultaneously supplied in the 

feed gas. CO conversion was investigated over all the parent zeolites and Cu/zeolite catalysts. 

As illustrated in Figure 4.7(a), negative CO conversion was observed over the parent ZSM-5 

zeolite within the evaluated temperature range. CO conversion over the parent SSZ-13 and 

BETA zeolites also followed a trend identical to that of the ZSM-5 zeolite, as illustrated in 

Figures 4.7–4.10, indicating that the zeolite without Cu loading could not oxidize CO in the 

emitted gas. The CO conversion also decreased substantially over the parent zeolites with an 

increase in the HC/NOx ratio; for example, in the case of parent SSZ-13 zeolite CO 

conversion was decreased from −27.4% (Figure 4.8(a), HC/NOx = 1) to −349.1% (Figure 

4.7(b), HC/NOx = 6) at 600℃. During the C4H10-SCR reaction, the reductant participates in 

NOx reduction as well as in the partial oxidation with oxygen included in the feed gas. 

Considering the possible reaction for CO formation, this is attributed to the partial oxidation 

reaction of C4H10 by O2, as expressed in reaction (4.2) 

 

 4 10 2 2 2NO C H O N CO H O      (4.2)

 

Comparison of the CO conversion of the parent zeolites and Cu/zeolite catalysts at 

HC/NOx = 6 (Figure 4.7(b)–(d)) shows that increasing the Cu loading highly improved the 

CO conversion for all Cu/zeolite catalysts because the Cu species provided active sites for 

oxidation of CO to CO2 over the Cu/zeolites. The Cu loading also affected the initial 

temperature for CO oxidation, including a shift toward lower regions (from 285℃ for 

1Cu/SSZ-13 to 225℃ for 5Cu/SSZ-13). From the evaluation of the light-off temperature 

(LOT50) for CO conversion over the Cu/zeolites with the same Cu loading at HC/NOx = 6, 
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5Cu/SSZ-13 had the lowest LOT50, followed by 5Cu/ZSM-5 and 5Cu/BETA: 254℃ 

(5Cu/SSZ-13) < 477℃ (5Cu/ZSM-5) < 584℃ (5Cu/BETA). However, there was a sudden 

decline in the CO conversion over Cu/SSZ-13 above 550℃, which is attributed to a sharp 

increase in the rate of partial oxidation of C4H10 from 540℃; thus, the ability to oxidize CO 

became weak due to the production of more CO. Among the three types of zeolite frameworks, 

Cu/SSZ-13 exhibited the highest CO conversion, ranging from 225 to 555℃, with even lower 

Cu loading than Cu/ZSM-5 and Cu/BETA. This may be related to the accessibility of CO 

molecules to the active sites. The molecular diameter of CO is far smaller than that of the 

three zeolites; thus, the CO molecules favorably approach the active sites of Cu/SSZ-13. 

 

 

    

    

Figure 4.7 CO conversion of (a) parent ZSM-5 zeolite according to HC/NOx ratios from 1 to 

6 and (b) Cu/SSZ-13, (c) Cu/ZSM-5, and (d) Cu/BETA at HC/NOx = 6 as a function of 

reaction temperature. 
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Figure 4.8 CO conversion of parent zeolites and Cu/zeolite catalysts as a function of reaction 

temperature at HC/NOx = 1: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 

 

    
 

 

Figure 4.9 CO conversion of parent zeolites and Cu/zeolite catalysts as a function of reaction 

temperature at HC/NOx = 2: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 
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Figure 4.10 CO conversion of parent zeolites and Cu/zeolite catalysts as a function of reaction 

temperature at HC/NOx = 4: (a) Cu/SSZ-13, (b) Cu/ZSM-5, and (c) Cu/BETA. 
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4.5 Temperature programmed oxidation of C4H10 

The formation of CO during the C4H10-SCR reaction was observed, and the parent 

zeolites could not oxidize CO simultaneously supplied in the feed stream. Considering the 

C4H10-SCR reaction, the hydrocarbon reductant participates in NOx reduction and in the 

partial oxidation with coexistent O2. The temperature programmed oxidation (TPO) of C4H10 

by 8 vol.% O2 was carried out to evaluate the ability to partially oxidize C4H10 over the parent 

zeolites and Cu/zeolite catalysts. CO formation was attributed to the incomplete oxidation of 

C4H10 by O2 to generate CO rather than CO2, as illustrated in Figure 4.11. Comparison of the 

CO formation over the parent zeolites and Cu/zeolites shows that CO formation was the 

predominant reaction over the parent zeolites. The findings of C4H10-TPO experiments 

indicate that the hydrocarbon reductant was oxidized by O2 to CO and CO2, as expressed 

below in the reactions (4.3) and (4.4). The parent zeolites followed the reaction (4.3), whereas 

the Cu/zeolite catalysts followed the reaction (4.4) because C4H10 was oxidize to more CO2 

than CO over the Cu/zeolites. The loading of Cu also enhanced the rate of partial oxidation 

of C4H10 during C4H10-TPO; for instance, 10Cu/BETA completely oxidized C4H10 at 600℃ 

(Figure 4.11(f)), however, the parent BETA zeolite without Cu loading could not completely 

oxidize C4H10 even at high temperature region (Figure 4.11(e)). From the C4H10-TPO 

experiments, the CO over COx ratios are compared, as illustrated in Figure 4.12. Note that 

all the Cu/zeolites could oxidize C4H10 to less CO compared to the parent zeolites. 

 

 4 10 2 2C H 4.5O 4CO 5H O    (4.3)

 4 10 2 2 2C H 6.5O 4CO 5H O    (4.4)
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Figure 4.11 Temperature programmed oxidation (TPO) of C4H10 by O2 over the parent 

zeolites and Cu/zeolite catalysts (TPO experiment: 1,800 ppm C1 C4H10 + 8 vol.% O2 + 

balance N2 at GHSV = 12,500 h−1). 
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Figure 4.12 CO over COx ratios after oxidation of C4H10 by O2 over the parent zeolites and 

Cu/zeolite catalysts: (a) SSZ-13 zeolite, (b) ZSM-5 zeolite, and (c) BETA zeolite. 

 

 

300 350 400 450 500 550 600
0

20

40

60

80

100
(a)

C
O

/(
C

O
+

C
O

2) 
ra

tio
, R

C
O

/C
O

x [
%

]

Temperature, T [°C]

 SSZ-13 
 5Cu/SSZ-13

300 350 400 450 500 550 600
0

20

40

60

80

100
(b)

C
O

/(
C

O
+

C
O

2) 
ra

tio
, R

C
O

/C
O

x [
%

]

Temperature, T [°C]

 ZSM-5 
 2Cu/ZSM-5

300 350 400 450 500 550 600
0

20

40

60

80

100
(c)

C
O

/(
C

O
+

C
O

2) 
ra

tio
, R

C
O

/C
O

x [
%

]

Temperature, T [°C]

 BETA 
 10Cu/BETA



 

Chapter 4. Catalytic Performance of C4H10-SCR 4.6 Temperature programmed desorption of NOx

 

116 

4.6 Temperature programmed desorption of NOx 

Although the NOx adsorption capacity and NOx conversion are not directly proportional 

in the SCR catalysts, the NOx adsorption mechanism is important as an initial step for the 

SCR reaction. The NOx adsorption capacities were tested at 150℃ for 60 min over the parent 

zeolites and Cu/zeolite catalysts, and the adsorption capacity of NOx is shown in Figure 4.13. 

The adsorption capacity of the parent zeolites without Cu loading ranged from 18 to 22 

mmol/L: in detail, 21.28 mmol/L for SSZ-13, 18.09 mmol/L for ZSM-5, and 22.45 mmol/L 

for BETA. Moreover, the adsorption capacity of NO is much higher than that of NO2 over the 

parent zeolites. In the case of Cu/zeolite catalysts, two distinct features were observed. The 

quantities of NOx adsorbed increased for all the Cu/zeolite catalysts relative to the parent 

zeolites, and the adsorbed amount of NO2 was much higher than that of NO. The highest 

amount of NOx adsorbed was about 35.35 mmol/L for 5Cu/SSZ-13, followed by 10Cu/BETA 

(24.04 mmol/L) and 2Cu/ZSM-5 (21.57 mmol/L). Accordingly, Cu/zeolite catalysts facilitate 

the NOx oxidation reaction into NO2, and this NO2 can be easily adsorbed on the catalyst 

surface following the reactions below: 

 

 2O  (g) 2O (ad)active sites active sites    (4.5)

 2NO (g) 2O (ad) NO (ad)active sites active sites    (4.6)

 

The Cu/zeolite catalysts exhibited the negative NOx conversion at the temperature 

windows between 150 to 350℃, especially the highest negative NOx conversion for 

5Cu/SSZ-13. The negative NOx conversion is attributed to desorbed NOx on the Cu/zeolite 

catalysts, where the incorporation of Cu enhanced the adsorption of NOx, and more desorbed 

NOx was observed during the temperature programmed desorption of NOx (NOx-TPD), as 

illustrated in Figure 4.14. 
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Figure 4.13 NOx adsorption capacity of parent zeolites and Cu/zeolite catalysts at 150℃ 

(NOx adsorption experiment: 500 ppm NO + 8 vol.% O2 + balance N2 at GHSV = 12,500 h−1 

for 60 min). 

 

     

     

     

Figure 4.14 NOx profiles of the parent zeolites and Cu/zeolites during the temperature 

programmed desorption of NOx (NOx-TPD) after adsorption of NOx: (a) SSZ-13 zeolite, (b) 

5Cu/SSZ-13, (c) ZSM-5 zeolite, (d) 2Cu/ZSM-5, (e) BETA zeolite, and (f) 10Cu/BETA (NOx 

adsorption: 500 ppm NO + 8 vol% O2 at 150℃ for 60 min, NOx TPD: balance N2 at GHSV 

= 12,500 h−1 from 100 to 600℃ with a ramp-up rate of 5℃/min). 
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4.7 N2 yield of Cu/zeolite 

During the C4H10-SCR reaction over the Cu/zeolite catalysts, N2 yields was calculated 

by detecting the possible by-products including nitrogen-containing species that are nitrous 

oxide (N2O), isocyanic acid (HNCO), and ammonia (NH3). Figure 4.15 shows the comparison 

of N2 yield and NOx conversion over all the tested Cu/zeolite catalysts at HC/NOx = 6 at 

reaction temperatures ranging from 360 to 600℃. The N2 yield was in good agreement with 

the NOx conversion, indicating that NOx was reduced to N2 by C4H10 without any 

accompanying undesired side-reactions, producing N2O, HNCO and NH3. Therefore, all the 

tested Cu/zeolite catalysts could reduce NOx to N2 via the ideal HC-SCR reaction, as 

expressed in reaction (4.7): 

 

 2 4 10 2 2 22NO 5.5O C H N 4CO 5H O      (4.7)

 

The N2 yield corresponded well with the NOx conversion over the Cu/zeolite catalysts 

at other HC/NOx ratios, as illustrated in Figures 4.16–4.18. Although N2 yield decreased at 

HC/NOx ratios of less than 6 due to a decrease in C4H10 available for NOx reduction, N2 yield 

followed the NOx conversion without producing any undesired by-products at all the tested 

reaction temperatures. Thus, it can be concluded that the Cu/zeolite catalysts can reduce NOx 

to N2 via the ideal C4H10-SCR reaction without accompanying any side-reactions. 
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Figure 4.15 Comparison of reaction products after C4H10-SCR reaction at HC/NOx = 6. 
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Figure 4.16 Comparison of reaction products after C4H10-SCR reaction at HC/NOx = 1. 
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Figure 4.17 Comparison of reaction products after C4H10-SCR reaction at HC/NOx = 2. 
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Figure 4.18 Comparison of reaction products after C4H10-SCR reaction at HC/NOx = 4. 
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4.8 Summary 

The effects of the zeolite framework and Cu loading on the catalytic activity for the 

C4H10-SCR in the presence of CO, CO2, H2O, and O2 are presented in Chapter 4. The zeolite 

framework, Cu loading, and HC/NOx ratio strongly affected the de-NOx reaction over the 

Cu/zeolite catalysts, accompanied by CO oxidation and partial oxidation of C4H10. The 

loading of Cu to the respectively parent zeolites improved the NOx conversion and shifted 

the temperature window of the peak NOx conversion to lower regions compared to those for 

the parent zeolites. Among the Cu/zeolite catalysts with different zeolite frameworks prepared 

by the incipient wetness impregnation method, 2Cu/ZSM-5 exhibited the best de-NOx 

performance with nearly 74% at 465℃, followed by 10Cu/BETA (58% at T = 465℃) and 

1Cu/SSZ-13 (38% at T = 585℃). These results were related to the effect of geometry-limited 

diffusion of C4H10 in the respective zeolite channel system, in which the reductant had easy 

access to the active sites in the channels of ZSM-5 and BETA zeolite, but C4H10 was highly 

restricted in the SSZ-13 channels. The HC/NOx ratio was sensitive to both the NOx and CO 

conversion. Increasing the HC/NOx ratio enhanced the de-NOx performance because more 

reducing agent could be available for NOx reduction in the C4H10-SCR process. The higher 

Cu loading, the lower the light-off temperature (LOT50) of C4H10 was. The parent zeolites 

without Cu loading could not oxidize CO into CO2 because negative CO conversion was 

obtained with the evaluated temperature window, and more CO was produced with an 

increase in HC/NOx ratios and reaction temperatures. The N2 yield was in good agreement 

with the NOx conversion, suggesting that NOx was reduced to N2 by C4H10 without any 

accompanying undesired side-reactions, such as N2O, HNCO and NH3. Therefore, all the 

tested Cu/zeolite catalysts could reduce NOx to N2 via the ideal C4H10-SCR reaction. 
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Chapter 5. Effects of Coexistent Gases and Hydrothermal Aging 

5.1 Experimental conditions for evaluation of HC-SCR 

The effects of CO2 concentration and O2 concentration on the de-NOx performance are 

investigated in this chapter. 2Cu/ZSM-5 was selected for evaluation of the influence of O2 

and CO2 because this catalyst exhibited the highest NOx conversion in both the C3H6-SCR 

and C4H10-SCR process. The supply concentrations of O2 were determined ranging from 0 to 

8 vol.%, and those of CO2 varied from 0 to 10 vol.%. Table 5.1 summaries the experimental 

conditions for investigating the effects of coexistent gases in both the C3H6-SCR and C4H10-

SCR process. 

To study the influence of the hydrothermal tolerance on the de-NOx performance, the 

monolithic Cu/zeolite catalysts were hydrothermally treated at 700℃ for 12 h with 8 vol.% 

O2, 5 vol.% H2O, and balance N2 at a gas hourly space velocity of 12,500 h−1; the temperature 

profiles of hydrothermal treatment are shown in Figure 5.1. The SCR performance was 

carried out at the highest HC/NOx ratio in both the C3H6-SCR and C4H10-SCR process. 

Furthermore, to investigate the catalytic stability, the stability test was also carried out to at 

steady-state 450℃ for 24 h in the C4H10-SCR process. 5Cu/zeolite catalysts were exposed at 

450℃ for 24 h during the C4H10-SCR at HC/NOx = 6, and the catalytic performance was 

continuously recorded. 
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Table 5.1 Experimental conditions for investigating the effects of O2 and CO2 concentration 

in C3H6-SCR and C4H10-SCR. 

Parameters C3H6–SCR reaction C4H10–SCR reaction 

Reductant Propene (C3H6) n-Butane (n-C4H10) 

Nitrogen monoxide (NO) 500 ppm 300 ppm 

Oxygen (O2) 0, 1, 4, and 8 vol.% 0, 1, 4, and 8 vol.% 

Carbon monoxide (CO) 500 ppm 500 ppm 

Carbon dioxide (CO2) 0, 1, 5, and 10 vol.% 0, 1, 5, and 10 vol.% 

Water vapor (H2O) 5 vol.% 5 vol.% 

Balance gas N2 N2 

Propene (C3H6) 4,000 ppm C1 – 

n-Butane (n-C4H10) – 1,800 ppm C1 

HC/NOx ratio 8 6 

Total flow rate 1.67 L/min 1.67 L/min 

Temperature 150 – 600℃ 150 – 600℃ 

GHSV 12,500 h−1 12,500 h−1 

 

 

 

 

Figure 5.1 Temperature profiles of hydrothermal aging for monolithic Cu/zeolite catalysts 

(hydrothermal aging condition: 8 vol.% O2 + 5 vol.% H2O + balance N2 at GHSV = 12,500 

h−1). 
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5.2 Effect of CO2 concentration in C3H6-SCR process 

Figure 5.2 shows the effect of CO2 concentration on catalytic performance over the 

2Cu/ZSM-5 catalyst at HC/NOx = 6 in the C3H6-SCR process. The presence of CO2 in the 

feed gas has a negative effect on NOx conversion at reaction temperatures ranging from 300 

to 345℃, which considerably decreased from 57.3% (0 vol.% CO2) to 26.5% (1 vol.% CO2), 

25.3% (5 vol.% CO2), and 16.5% (10 vol.% CO2) at 345℃. At reaction temperatures above 

375℃, the presence of CO2 had had a negligible effect on the NOx conversion after the 

addition of 1 vol.%, 5 vol.%, or even 10 vol.% CO2. The significant drop in NOx conversion 

below 345℃ could be induced by the difference in partial oxidation of C3H6, as shown in 

Figure 5.2(b), in which C3H6 conversion decreased from 100% (0 vol.% CO2) to 82.9% (1 

vol.% CO2), 79.8% (5 vol.% CO2), and 68.8% (10 vol.% CO2) at 345℃. Increasing the CO2 

concentrations highly inhibited the partial oxidation of C3H6 at the reaction temperatures 

ranging from 300 to 360℃. Furthermore, the presence of CO2 also negatively affected the 

CO conversion at the reaction temperatures ranging from 300 to 390℃; the CO conversion 

of 2Cu/ZSM-5 substantially decreased from 96.9% (0 vol.% CO2) to −7.8% (1 vol.% CO2), 

−98.4% (5 vol.% CO2), and −280.5% (10 vol.% CO2) at 360℃. Indeed, recently reported 

studies described that the CO2 molecules are readily adsorbed on the surface of the zeolite-

based catalysts [218, 219], and the adsorption of NOx is blocked by the pre-adsorbed CO2. 

Therefore, it could be concluded that the presence of CO2 in the feed gas had an inhibitory 

effect on the C3H6-SCR reaction. 
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Figure 5.2 Influence of CO2 concentration (0–10 vol.% CO2) on catalytic performance of 

2Cu/ZSM-5 at HC/NOx = 8 in C3H6-SCR process: (a) NOx conversion, (b) C3H6 conversion, 

and (c) CO conversion. 
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5.3 Effect of O2 concentration in C3H6-SCR process 

As a key component of the reaction gases under fuel-lean conditions, excess O2 had had 

a decisive effect on the catalytic activity of most of the catalysts in the HC-SCR process [220, 

221]. The influence of O2 concentration, ranging from 0 to 8 vol.% O2, on the catalytic 

performance is shown in Figure 5.3 over the 2Cu/ZSM-5 catalyst, which exhibited the highest 

de-NOx performance. The temperature window of NOx conversion significantly shifted to 

lower temperatures with an increase in O2 concentration from 1 vol.% to 8 vol.%. One 

possible explanation for these findings is that the oxygenated hydrocarbons (CxHyOz), which 

are produced by partial oxidation of C3H6 by O2 at relatively low temperatures with an 

increase in O2 and acted as reaction intermediates to react with adsorbed NOx. Notably, 

further increase in NOx conversion was observed in the absence of O2, exhibiting 86.8% 

maximum NOx conversion at 540℃. Although the removal of O2 in the feed gas could 

improve the NOx conversion, this reaction environment was accompanied by undesired side-

reactions that produce NH3 at reaction temperatures above 420℃, as illustrated in Figure 

5.4(a). The N2 selectivity ranged from 1% to 56% at reaction temperatures between 420 to 

570℃: 14.4% (420℃), 24.6% (450℃), 40.3% (480℃), 51.5% (510℃), 55.8% (540℃), and 

50% (570℃), respectively. The slipped NH3 after the C3H6-SCR reaction was originated by 

side-reactions from reacting NO with hydrocarbon reductant, and 2Cu/ZSM-5 could reduce 

NOx to N2 and NH3 without producing N2O and HNCO. It is also clear that the presence of 

O2 in the feed gas facilitated the rate of CO and C3H6 oxidation reactions, especially at high 

O2 concentrations in the feed gas, as illustrated Figure 5.3(b) and (c). 
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Figure 5.3 Influence of O2 concentration (0–8 vol.% O2) on catalytic performance of 

2Cu/ZSM-5 at HC/NOx = 8 in C3H6-SCR process: (a) NOx conversion, (b) C3H6 conversion, 

and (c) CO conversion. 

 

    

     

Figure 5.4 Influence of O2 concentration (0–8 vol.% O2) on N2 yield of 2Cu/ZSM-5 at 

HC/NOx = 8 in C3H6-SCR process: (a) 0 vol.% O2, (b) 1 vol.% O2, (c) 4 vol.% O2, and (d) 8 

vol.% O2. 
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5.4 Effect of CO2 concentration in C4H10-SCR process 

CO2 is unavoidable in diesel exhaust emission, and it is also one of the main products in 

the ideal reduction reaction of NOx with hydrocarbons. The influence of the CO2 

concentration on the catalytic activity is shown in Figure 5.5 for the 2Cu/ZSM-5 catalyst, 

which exhibited the highest de-NOx performance among the prepared Cu/zeolites. A higher 

CO2 concentration in the feed gas was unfavorable for NOx conversion at reaction 

temperatures ranging from 390℃ to 510℃, where a drop in the NOx conversion from 38.3% 

(0 vol.% CO2) to 32.4% (1 vol.% CO2), 29.0% (5 vol.% CO2), and 26.5% (10 vol.% CO2) at 

420℃ was observed (Figure 5.5(a)), suggesting that NOx reduction was inhibited by CO2 in 

the C4H10-SCR process. Increasing the CO2 concentration in the feed gas had no effect on 

NOx conversion at reaction temperatures above 510℃, even in the presence of 10 vol.% CO2. 

The negative effect of CO2 on the de-NOx performance may be related to partial oxidation of 

the reductant during the C4H10-SCR reaction, as shown in Figure 5.5(b). Indeed, increasing 

the CO2 concentration induced a decrease in the C4H10 conversion above 390℃ as follows: 

18.8% (0 vol.% CO2) > 18.7% (1 vol.% CO2) > 16.9% (5 vol.% CO2) > 16.2% (10 vol.% 

CO2) at 420℃. Furthermore, the addition of CO2 also negatively affected the CO conversion, 

as shown in Figure 5.5(c), with a significant decrease from 78.1% (0 vol.% CO2) to 56.0% (1 

vol.% CO2), 35.7% (5 vol.% CO2), and 7.5% (10 vol.% CO2) at 525℃. In addition, the light-

off temperature (LOT50) of CO shifted toward the higher temperature windows, moving from 

508℃ (0 vol.% CO2) to 522℃ (1 vol.% CO2), 532℃ (5 vol.% CO2), and 543℃ (10 vol.% 

CO2). Similar results can be found in previous studies, in which CO2 molecules caused heavy 

competitive adsorption between CO2 and NOx on the catalyst surface [222, 223], leading to 

suppression of the formation of nitrates, which are key reaction intermediates for NOx 

reduction [219]. Thus, the presence of CO2 in the feed gas had a strongly inhibitory effect on 
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the C4H10-SCR. 

 

 

 

 

 

 

 

Figure 5.5 Influence of CO2 concentration (0–10 vol.% CO2) on catalytic performance of 

2Cu/ZSM-5 at HC/NOx = 6 in C4H10-SCR process: (a) NOx conversion, (b) C4H10 conversion, 

and (c) CO conversion. 
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5.5 Effect of O2 concentration in C4H10-SCR process 

Some reaction schemes have been suggested for the HC-SCR, although the process is 

still not fully understood. One of the main mechanisms of operation of zeolite-based catalysts 

suggests that NO is first oxidized to NO2, followed by reduction by the reductant [134, 224]. 

The presence of O2 is essential for the HC-SCR because O2 can oxidize hydrocarbons, leading 

to the formation of reaction intermediates, CxHyOz (oxygenated hydrocarbons), that can react 

with NOx [117, 225]. The influence of the O2 concentration on the catalytic performance of the 

2Cu/ZSM-5 catalyst is shown in Figure 5.6. Although the maximum NOx conversion was not 

affected by the presence of O2, the temperature window for the maximum NOx conversion shifted 

substantially to lower temperatures with an increase in O2 concentration, i.e., moving from 600℃ 

(1 vol.% O2) to 525℃ (4 vol.% O2), and 465℃ (8 vol.% O2). These findings are attributed to 

the enhanced partial oxidation of C4H10 by O2 at relatively low temperatures with an increase 

in the O2 concentration, as shown in Figure 5.6(b): for instance, the light-off temperature 

(LOT50) of C4H10 was decreased from 508℃ (1 vol.% O2) to 458℃ (4 vol.% O2) and 410℃ 

(8 vol.% O2). Notably, the NOx conversion gradually increased above 435℃, eventually 

reaching 97.9% NOx conversion at 600℃ in the absence of O2. However, these reaction 

conditions led to an unexpected side-reaction, as shown in Figure 5.7(a), forming NH3 at 

reaction temperatures above 510℃. When more than 1 vol.% O2 was present in the feed gas 

(Figure 5.7(b)–(d)), the NOx conversion was consistent with the N2 yield, suggesting that 

NOx was reduced to N2 without any accompanying side-reactions. The formation of NH3 as 

an intermediate during HC-SCR has been reported [226, 227], and it could be conjectured 

that the formation of NH3 was involved in the reaction of NOx with the partially oxidized 

hydrocarbons. It is also clear that increasing the O2 concentration highly enhanced the CO 

oxidation, as illustrated in Figure 5.6(c). 
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Figure 5.6 Influence of O2 concentration (0–8 vol.% O2) on catalytic performance of 

2Cu/ZSM-5 at HC/NOx = 6 in C4H10-SCR process: (a) NOx conversion, (b) C4H10 conversion, 

and (c) CO conversion. 

 

     

     

Figure 5.7 Influence of O2 concentration (0–8 vol.% O2) on N2 yield of 2Cu/ZSM-5 at 

HC/NOx = 6 in C4H10-SCR process: (a) 0 vol.% O2, (b) 1 vol.% O2, (c) 4 vol.% O2, and (d) 

8 vol.% O2. 
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5.6 Effect of hydrothermal aging in C3H6-SCR process 

The catalytic activities of the 1Cu/SSZ-13, 5Cu/BETA, and 5Cu/BETA catalysts before 

aging and after hydrothermal aging at 700℃ for the C3H6-SCR are compared in Figures 5.8–

5.10. All the hydrothermally aged catalysts exhibited a similar trend in that the catalytic 

activity for NOx conversion shifted toward higher temperature regions: for example, the 

temperature of the maximum de-NOx performance over the 5Cu/ZSM-5 catalyst shifted from 

405℃ to 525℃ after hydrothermal aging, as shown in Figure 5.9(a). Compared to the 

hydrothermally aged 1Cu/SSZ-13, the hydrothermally aged 5Cu/ZSM-5 and 5Cu/BETA 

catalysts showed significant decrease in the maximum NOx conversion, and particularly, 

5Cu/BETA was severely deactivated compared to 1Cu/SSZ-13 and 5Cu/ZSM-5. The rate of 

C3H6 oxidation was also affected by hydrothermal aging. The decreased C3H6 conversion 

could explain the drop in de-NOx performance after hydrothermal aging, because the partial 

oxidation of C3H6 into reaction intermediates (CxHyOz, oxygenated hydrocarbons) was 

obviously inhibited across entire reaction temperatures. Note that CO oxidation was severely 

deactivated for the hydrothermally aged Cu/zeolite catalysts because these catalysts could not 

oxidize the CO, even at higher temperatures. 

The catalytic deactivation is usually induced by various phenomena due to the presence 

of many components that play different roles during the catalytic reaction. In general, the 

catalytic deactivation of zeolite-based SCR catalysts by hydrothermal aging can occur 

through three mechanisms, including dealumination of zeolite support, pore elimination, and 

sintering of metal oxides [228]. To investigate the hydrothermal aging, the characterization 

of hydrothermally aged catalysts will be further discussed in section 5.9. 
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Figure 5.8 Catalytic activities of 1Cu/SSZ-13 before and after hydrothermal aging at 700℃ 

for 12 h in C3H6-SCR (hydrothermal aging: 8 vol.% O2 + 5 vol.% H2O + balance N2 at GHSV 

= 12,500 h−1): (a) NOx conversion, (b) C3H6 conversion, and (c) CO conversion. 

 

     

 

Figure 5.9 Catalytic activities of 5Cu/ZSM-5 before and after hydrothermal aging at 700℃ 

for 12 h in C3H6-SCR (hydrothermal aging: 8 vol.% O2 + 5 vol.% H2O + balance N2 at GHSV 

= 12,500 h−1): (a) NOx conversion, (b) C3H6 conversion, and (c) CO conversion. 
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Figure 5.10 Catalytic activities of 5Cu/BETA before and after hydrothermal aging at 700℃ 

for 12 h in C3H6-SCR (hydrothermal aging: 8 vol.% O2 + 5 vol.% H2O + balance N2 at GHSV 

= 12,500 h−1): (a) NOx conversion, (b) C3H6 conversion, and (c) CO conversion. 
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5.7 Effect of hydrothermal aging in C4H10-SCR process 

The catalytic activities of the 5Cu/zeolite catalysts before and after hydrothermal aging 

at 700℃ for the C4H10-SCR are compared in Figure 5.11. The hydrothermally aged 

5Cu/ZSM-5 and 5Cu/BETA catalysts showed a identical trend whereby the de-NOx 

performance substantially decreased at reaction temperatures ranging from 350℃ to 555℃ 

and also temperature windows for the maximum NOx conversion shifted toward higher 

temperature regions (Figure 5.11(a) and (b)); the temperature of the maximum NOx 

conversion shifted from 465℃ to 600℃ for 5Cu/ZSM-5 and from 450℃ to 585℃ for 

5Cu/BETA. This behavior is attributed to the C4H10 oxidation, which was obviously inhibited 

over the entire reaction temperature range (Figure 5.11(c) and (d)). The hydrothermally aged 

Cu/zeolite catalysts showed a shift of the light-off temperature (LOT50) of C4H10 toward 

higher temperatures, where that of 5Cu/ZSM-5 moved from 422℃ (fresh) to 559℃ 

(hydrothermal aging) and that of 5Cu/BETA also moved from 435℃ (fresh) to 498℃ 

(hydrothermal aging). Note that CO oxidation was severely deactivated for the 

hydrothermally aged catalysts because these catalysts could not oxidize CO, even at high 

temperatures (Figure 5.11(e) and (f)). Hydrothermally induced deactivation of catalysts can 

occur through chemically and physically complex phenomenon, i.e., loss of the catalytic 

surface area and support area and chemical transformation of the active materials [228, 229]. 

As mentioned in the previous section, the characterization of hydrothermally aged catalysts 

will be further discussed in section 5.9 to investigate the effect of hydrothermal aging on the 

physical and chemical properties of 5Cu/zeolite catalysts. 
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Figure 5.11 Catalytic activities of 5Cu/ZSM-5 and 5Cu/BETA before and after hydrothermal 

aging at 700℃ for 12 h in C4H10-SCR (hydrothermal aging: 8 vol.% O2 + 5 vol.% H2O + 

balance N2 at GHSV = 12,500 h−1): (a), (b) NOx conversion, (c), (d) C4H10 conversion, and 

(e), (f) CO conversion. 
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5.8 Stability test in C4H10-SCR process 

Some researchers reported catalytic deactivation of the HC-SCR due to coking effect of 

hydrocarbons on the catalyst surface, which led to a severe deactivation of the de-NOx ability 

and shortened the lifetime of the catalyst [122, 230, 231]. Figure 5.12 shows the NOx 

conversion of the 5Cu/zeolites over a long-term test at steady-state 450℃. There was a slight 

fluctuation of the NOx conversion over the 5Cu/zeolites, and both 5Cu/ZSM-5 and 

5Cu/BETA retained the initial de-NOx ability until the end of the stability test; the mean NOx 

conversion was 63.9 ± 2.3% for 5Cu/ZSM-5 and 57.1 ± 1.8% for 5Cu/BETA. From these 

findings, there was no catalytic deactivation induced by coke formation by the hydrocarbons 

within 24 h. 

 

 

 

Figure 5.12 Catalytic performance of 5Cu/zeolite catalysts over long-term test for 24 h in 

C4H10-SCR at steady-state 450℃, HC/NOx = 6, and GHSV = 12,500 h−1: (a) 5Cu/ZSM-5 and 

(b) 5Cu/BETA 
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5.9 Characterization of hydrothermally aged catalysts 

The physical properties of the fresh and hydrothermally aged Cu/zeolite catalysts were 

analyzed by N2–isotherms, as summarized in Table 5.2. After hydrothermal aging, the BET 

specific surface area (ABET) decreased from 823.6 m2/g to 809.5 m2/g for 1Cu/SSZ-13 and 

from 390.4 m2/g to 380.9 m2/g for 5Cu/ZSM-5. The BET specific surface area of the 

hydrothermally aged 5Cu/BETA dramatically decreased by 49%, from 495.2 m2/g to 252.2 

m2/g. The same trend was also observed for the total pore volume (VP) and average pore 

diameter (DP). These observations indicate that hydrothermal aging intensified collapse of 

the pore structures in the zeolites. 

To investigate the damage to the zeolite frameworks, the powder XRD profiles are 

compared before and after hydrothermal aging in Figure 5.13. The inherent zeolite peaks of 

the 1Cu/SSZ-13, 5Cu/ZSM-5, and 5Cu/BETA remained intact even after hydrothermal aging, 

whereas the crystallinity of the zeolites decreased by 7.8% (1Cu/SSZ-13 at 2θ = 9.64°), 22.8% 

(5Cu/ZSM-5 at 2θ = 23.12°), and 37.3% (5Cu/BETA at 2θ = 22.48°) 

The crystallographic positions of Al atoms are analyzed after hydrothermal aging, as 

 

 

Table 5.2 Physical properties of 5Cu/zeolite catalysts before and after hydrothermal aging at 

700℃ for 12 h. 

Catalysts ABET (m2/g) VP (cm3/g) VMicro (cm3/g) DP (nm)

1Cu/SSZ-13 (fresh) 823.6 0.3440 0.3023 1.6707 

1Cu/SSZ-13 (aged) 809.5 0.4189 0.3047 2.0670 

5Cu/ZSM-5 (fresh) 390.4 0.6574 0.1445 6.7357 

5Cu/ZSM-5 (aged) 380.9 0.6288 0.1383 6.6033 

5Cu/BETA (fresh) 495.2 0.5373 0.1453 4.3401 

5Cu/BETA (aged) 252.2 0.4749 0.0681 7.5321 
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shown in Figure 5.14. The dealumination of the respective Cu/zeolites did not occur, as there 

was no notable evidence from the 27Al MAS-NMR spectra; chemical shift of 27Al at 0 ppm 

(δ27Al = 0 ppm) was not observed over the hydrothermally aged Cu/zeolite catalysts. 

 

 

 

 

 

 

 

Figure 5.13 Powder X-ray diffraction (XRD) patterns of Cu/zeolite catalysts before and after 

hydrothermal aging at 700℃ for 12 h: (a) 1Cu/SSZ-13, (b) 5Cu/ZSM-5, and (c) 5Cu/BETA. 
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Figure 5.14 Solid-state 27Al MAS–NMR spectra of Cu/zeolite catalysts before and after 

hydrothermal aging at 700℃ for 12 h: (a) 1Cu/SSZ-13, (b) 5Cu/ZSM-5, and (c) 5Cu/BETA. 
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5.10 Summary 

The effect of coexistent gases (CO2 and O2) and hydrothermal aging on the catalytic 

activity were investigated in Chapter 5. In the C3H6-SCR process, O2 is essential gas in the 

HC-SCR process, whereby improving low-temperuatre de-NOx performance with an 

increase in O2 concentration from 0 to 8 vol.%. Furthermore, more O2 in the feed gas 

enhanced the partial oxidation of hydrocarbons. However, a negative effect was observed 

when CO2 was introduced in the feed gas because NOx adsorption and partial oxidation of 

hydrocarbons were highly inhibited by coexistent CO2. The removal of CO2 in the feed gas 

improved the NOx conversion between 300 and 345℃. In the case of C4H10-SCR, O2 had a 

positive effect on the de-NOx performance, CO oxidation, and partial oxidation of C4H10, 

improving the catalytic activity at relatively low temperatures. When O2 was not introduced 

in the feed gas, the NOx conversion gradually increased with the reaction temperature, 

reaching 98% NOx conversion, but these conditions induced an undesired side-reaction, 

producing a large amount of NH3. 

The catalytic activities of Cu/zeolite catalysts were sensitive to the hydrothermal aging. 

In the C3H6- and C4H10-SCR process, a drop in NOx conversion after hydrothermal aging was 

attributed to an inhibition effect of partial oxidation of hydrocarbons. The hydrothermal aging 

also induced the collapse of the pore structures of zeolite and a drop in the zeolite crystallinity. 

However, the Cu/zeolite catalysts could tolerate the catalytic activities at steady state because 

there was no catalytic deactivation induced by coke formation within 24 h. 
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Chapter 6. Conclusions 

6.1 Concluding remarks 

Experimental investigation on the reduction of NOx emissions by HC-SCR process over 

the Cu-impregnated zeolite-based catalysts has been presented and discussed in this research 

thesis for the practical application of passive type HC-SCR system. The Cu/zeolite catalysts 

were prepared by an incipient wetness impregnation method by varying the Cu loading in a 

range of 1–10 wt%. The zeolite supports have different their frameworks, including SSZ-13 

(CHA framework), ZSM-5 (MFI framework), and BETA (BEA framework). A series of 

Cu/zeolite catalysts were explored in detail for the main purpose of reducing NOx emissions 

by the ‘C3H6-SCR’ and ‘C4H10-SCR’ process. Several techniques, including HC/NOx ratio, 

hydrocarbon reductant, Cu content, zeolite framework, coexistent gas, and reaction 

environment (catalytic reactor system), were systematically explored and their effects on the 

NOx removal efficiency of Cu/zeolite catalysts were assessed. The key conclusions drawn 

from the experimental results of this thesis are summarized. 

In chapter 1, recent de-NOx techniques and relevant reaction mechanisms using 

automotive catalysts were reviewed including HC-SCR. To investigate the effectiveness of 

HC-SCR, major preceding research was reviewed for various catalytic components and 

reducing agents. 

In chapter 2, the parent zeolites and Cu/zeolites were characterized by various technique. 

The loading levels of Cu metal species were close to the theoretical loading amount, 

suggesting successfully introduction of Cu species. The Cu loading led to a drop of BET 

specific surface area because Cu species covered both the internal and external surface of 

zeolite, resulting in blocking the accessible zeolite pores. The XRD patterns demonstrated 

that the impregnation of Cu did not affect any modification of the respective zeolite structures. 
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When increasing the Cu loading, chemical shift of 27Al shifted to lower region, indicating the 

variation of average Al‒O‒Si angles in the zeolite framework. The valence states of Cu 

species were mainly presented as isolated Cu2+, d-d transition of Cu2+, and CuO clusters. The 

Cu/zeolites were more in favorable for the formation of CuO clusters with an increase in the 

Cu loading. The intra-crystalline diffuse diameter of respective zeolites affected the particle 

diameter of Cu, which was severely agglomerated over the SSZ-13 zeolite. 

In chapter 3, Cu/zeolite catalysts were evaluated for the main purpose of reducing NOx 

emissions by the C3H6-SCR process in the presence of O2, CO, CO2, and H2O. To reach a 

high NOx conversion, a high HC/NOx ratio was needed. Increasing the HC/NOx ratio was 

favorable for the catalytic activity because more reducing agent could be available during the 

C3H6-SCR process. Among the prepared Cu/zeolite catalysts, 2Cu/ZSM-5 demonstrated the 

highest NOx conversion to N2 (68.5% at T = 360℃) at the highest HC/NOx ratio, followed 

by 1Cu/SSZ-13 (58.2% at T = 420℃) and 10Cu/BETA (56.1% at T = 375℃). Thus, the ZSM-

5 zeolite, with a medium pore framework, was better suited for the C3H6-SCR process than 

SSZ-13, with a small pore framework, and BETA, with a large pore framework. The presence 

of isolated Cu2+ ions provided active sites for NOx reduction. 

In chapter 4, the effects of the zeolite framework and Cu loading on the catalytic activity 

for the C4H10-SCR were evaluated. The Cu loading improved the NOx conversion and shifted 

the temperature window of the maximum NOx conversion to lower regions compared to those 

for the parent zeolites. 2Cu/ZSM-5 exhibited the best de-NOx performance with nearly 74% 

at 465℃, followed by 10Cu/BETA (58% at T = 465℃) and 1Cu/SSZ-13 (38% at T = 585℃). 

These results were related to the effect of geometry-limited diffusion of C4H10 in the 

respective zeolite channel system, in which the reductant had easy access to the active sites 

in the channels of ZSM-5 and BETA zeolite, but C4H10 was highly restricted in the SSZ-13 
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channels. 

In chapter 5, the effects of coexistent gases and hydrothermal aging on the catalytic 

activity were investigated in both C3H6- and C4H10-SCR. Increasing the O2 concentration in 

the feed gas had a positive effect on the de-NOx performance because the partial oxidation 

of hydrocarbons was enhanced at relatively low temperature with an increase in O2 

concentration, indicating that O2 is essential gas in HC-SCR process. However, a negative 

effect was observed when CO2 was introduced in the feed gas because NOx adsorption and 

partial oxidation of hydrocarbons were highly inhibited by coexistent CO2. When O2 was not 

introduced in the feed gas, the NOx conversion increased at a relatively higher reaction 

temperature, reaching 98% NOx conversion, but this condition induced an undesired side-

reaction, producing a large amount of NH3. The drop in NOx conversion after hydrothermal 

aging was attributed to the inhibitory effect of the partial oxidation of hydrocarbons. The 

hydrothermal aging also induced the collapse of micropores, Cu sintering, and a drop in the 

zeolite crystallinity, thereby deactivating the catalytic activities. 

 

 

6.2 Future work and recommendations 

● The reaction mechanism on the selective catalytic reduction of NOx by hydrocarbon 

has been debatable despite the extensive reviews. Although some possible reaction 

mechanisms or reaction pathways have been proposed, general reaction mechanisms 

are not available due to the different types of catalysts and reaction conditions. In situ 

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy is fundamental 

to investigate the reaction mechanism because it provides detailed spectroscopic 

information of how reaction intermediates affect the reactivity of NOx. 
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● To effectively reduce vehicle emissions, both the engine controls and active after-

treatment system should be considered because the HC-SCR catalysts is highly 

dependent on the reaction temperatures and coexistent gas conponents. Therefore, 

EGR rate should be minimized, otherwise more higher reaction temperature is 

required if EGR rate increases. The feasible solution is the close-coupled HC-SCR 

near the exhaust manifold, thereby reducing the time to light-off. 

● The improvement of low-temperature de-NOx activity is essential below 300℃, 

especially for an on-board application. The feasible approach is the use of optimal 

promotors or additives that can improve the low-temperature catalytic activity and 

hydrothermal tolerance. Additionally, to produce hydrogen from the diesel fuel 

(utilizing the hydrogen effect) reformer catalysts is also a promising way to improve 

the de-NOx performance by integrating the reformer catalyst and HC-SCR catalyst. 

● It is necessary to expand the laboratory-scale test of HC-SCR catalyst toward the real 

driving environment which is not steady-state condition. For evaluation of the HC-

SCR catalysts under the transient condition, catalytic reactor was newly designed and 

relevant test was carried out that these results were not included in this thesis. 

Although this new reactor system is more complicated and needs some modifications, 

the new reactor system will contribute to better understand the catalytic behavior and 

reaction mechanism under transient environment. 
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Appendices 

Appendix A: C4H10-SCR Process for Quartz and Stainless-steel Reactor 

A.1 Experimental conditions for evaluation of C4H10-SCR 

The effect of catalytic reactor system on the de-NOx performance is investigated in this 

chapter. The selectivity catalytic reduction of NOx by n-butane (n-C4H10) over the copper-

impregnated zeolites with different zeolite frameworks is evaluated using the quartz and 

stainless-steel reactors to compare the catalytic performance. The quartz reactor system is 

illustrated in Figure 3.1 (Chapter 3). The experimental apparatus of laboratory-scale stainless-

steel reactor consists of mass flow controller module (MFC, JCST1005MZFC, Fujikin Inc.), 

NOx/O2 meter (TNS-111-031AA, NGK Insulators), flow control valve (NEMA 23 stepper 

motors, National Instruments), micro air cable heater (SD-II-2, Sakaguchi E.H VOC Inc.), 

and Fourier transform infrared spectroscopy (FTIR, BOB-2000FT, Bestsokki), as illustrated 

in Figure 6.1. High-purity feed gases were controlled by a MFC module at a total flow rate 

of 1.67 L/min, which corresponds to a gas hourly space velocity (GHSV) of 12,500 h−1. 5 

vol.% of water vapor was supplied with N2 carrier gas from a saturator (borosilicate glass), 

which was continuously heated at nearly 90℃. After the catalytic reaction, the reactor outlet 

gases, NO, NO2, CO, CO2, H2O, C4H10, N2O, HCN, NH3, and HNCO, were monitored by a 

FTIR analyzer, in which 1.5 m of sampling line for FTIR analyzer was heated at 191℃ to 

avoid the gas condensation. A volume of 8 cm3 of washcoated monolith was inserted into a 

stainless-steel reactor. Two K-sheath thermocouples (diameter 1.0 mm) were located both the 

inlet and outlet of the catalytic reactor to monitor the reaction temperature. Both 

thermocouple tips were positioned at 10.0 mm and 5.2 mm from the surface of the monolith 

catalyst. Table A.1 summarizes the gas compositions and reaction conditions for evaluating 

the C4H10-SCR reaction in the quartz and stainless-steel reactors. 
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Figure A.1 Experimental apparatus of laboratory-scale stainless-steel reactor for evaluating 

catalyst reaction of C4H10-SCR. 

 

 

Table A.1 Experimental conditions for investigating the effects of quartz and stainless-steel 

reactors in C4H10-SCR. 

Parameters Quartz reactor Stainless-steel reactor 

Reductant n-Butane (n-C4H10) n-Butane (n-C4H10) 

Nitrogen monoxide (NO) 300 ppm 500 ppm 

Oxygen (O2) 8 vol.% 8 vol.% 

Carbon monoxide (CO) 500 ppm 500 ppm 

Carbon dioxide (CO2) 10 vol.% 10 vol.% 

Water vapor (H2O) 5 vol.% 5 vol.% 

Balance gas N2 N2 

n-Butane (n-C4H10) 
300, 600, 1,200, and 

1,800 ppm C1 

500, 1,000, 2,000, and 

4,000 ppm C1 

HC/NOx ratio 1, 2, 4, and 6 1, 2, 4, and 8 

Total flow rate 1.67 L/min 1.67 L/min 

Temperature 150 – 600℃ 150 – 600℃ 

GHSV 12,500 h−1 12,500 h−1 

N2

O2

CO
CO2

NO
C4H10 

NOx/O2 
meter 

NOx/O2 
meter 

Gas mixing
manifold

Flow control valve

Micro air cable heater

Catalytic reactor

N2
H2O evaporator
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A.2 Comparison of de-NOx performance 

The effect of reactor system on the reaction temperature-dependence of NOx conversion 

over the Cu/SSZ-13, Cu/ZSM-5, and Cu/BETA catalysts is compared in Figures A.2–A.4. As 

illustrated in Figure A.2, the addition of Cu to SSZ-13 zeolite resulted in lower NOx 

conversion than that of parent SSZ-13 in both the quartz and stainless-steel reactors. The NOx 

conversion of 5Cu/SSZ-13 exhibited negative conversion at temperatures below 400℃ for 

the quartz reactor and at temperatures below 315℃ for the stainless-steel reactor, where the 

NOx conversion of 5Cu/SSZ-13 was −56% (Figure A.2(g), quartz reactor) and −26.8% 

(Figure 6.2(h), stainless-steel reactor) at 255℃ in the highest HC/NOx ratio. The negative 

conversion of 5Cu/SSZ-13 showed a similar trend at other HC/NOx ratios, indicating that 

increasing the Cu loading increased the adsorption capacity of NOx and the desorbed NOx 

was not reduced over the 5Cu/SSZ-13. The increase in HC/NOx ratio improved the NOx 

conversion over the Cu/SSZ-13, particularly 1Cu/SSZ-13 showed the highest NOx 

conversion. At the highest HC/NOx ratio, the maximum NOx conversion of 1Cu/SSZ-13 was 

37.8% at 570℃ for the quartz reactor and 30.3% for the stainless-steel reactor. Notably, the 

NOx conversion of Cu/SSZ-13 slightly decreased at 600℃ for the quartz reactor, whereas 

that of the stainless-steel reactor significantly decreased to 4.7% (1Cu/SSZ-13) and 3.1% 

(5Cu/SSZ-13) at 600℃ (Figure A.2(h)). 

As illustrated in Figure A.3, all Cu/ZSM-5 catalysts exhibited similar ability to improve 

de-NOx performance, as did increasing the HC/NOx ratio. The maximum NOx conversion 

could be achieved at the highest HC/NOx ratio, and especially 2Cu/ZSM-5 exhibited the 

highest NOx conversion in both the reactor systems. The maximum NOx conversion of 

2Cu/ZSM-5 was 73.4% for the quartz reactor (Figure A.3(g)) and 64.4% for the stainless-

steel reactor (Figure A.3(h)) at 450℃. It is worth note that the stainless-steel reactor exhibited 
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lower NOx conversion compared to that of the quartz reactor, even at the higher HC/NOx 

ratio (HC/NOx = 8). Furthermore, the NOx conversion of Cu/ZSM-5 substantially decreased 

at reaction temperatures above 570℃ in the stainless-steel reactor, reaching 3.9–4.6% NOx 

conversion at 600℃. However, the quartz reactor exhibited more higher de-NOx performance 

compared to that of the stainless-steel reactor, exhibiting 35–45.5% NOx conversion at 600℃. 

The comparison of NOx conversion over the Cu/BETA catalysts in the quartz and 

stainless-steel reactors is shown in Figure A.4. It is clear that the Cu/BETA catalyst with the 

highest Cu loading (10Cu/BETA) exhibited the best de-NOx performance in both reactor 

systems, exhibiting 58.4% NOx conversion at 465℃ for the quartz reactor and 54% NOx 

conversion at 465℃ for the stainless-steel reactor at the highest HC/NOx ratio. Notably, in 

the stainless-steel reactor, increasing the Cu loading shifted the temperature window of 

maximum de-NOx performance to lower temperature regions in the following order (Figure 

A.4(h)): 10Cu/BETA (ηNOx = 54% at T = 465℃) < 5Cu/BETA (ηNOx = 48.1% at T = 480℃) 

< 2Cu/BETA (ηNOx = 27.2% at T = 570℃) ≈ 1Cu/BETA (ηNOx = 14.7% at T = 570℃). Similar 

to that of the stainless-steel reactor, the temperature window of maximum NOx conversion 

shifted to lower temperature regions with an increase in the Cu loading in the quartz reactor 

(Figure A.4(g)): 10Cu/BETA (ηNOx = 58.4% at T = 465℃) ≈ 5Cu/BETA (ηNOx = 49.2% at T 

= 450℃) < 2Cu/BETA (ηNOx = 29.3% at T = 585℃) ≈ 1Cu/BETA (ηNOx = 25% at T = 600℃). 

As did significant drop in the NOx conversion over the Cu/SSZ-13 and Cu/ZSM-5 catalysts, 

the NOx conversion of Cu/BETA catalysts considerably decreased at reaction temperatures 

above 570℃, exhibiting 0.4–5.3% NOx conversion at 600℃. However, the quartz reactor 

exhibited more higher de-NOx performance compared to that of the stainless-steel reactor, 

exhibiting 25–37.4% NOx conversion at 600℃. 
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Figure A.2 Comparison of de-NOx performance over the parent SSZ-13 and Cu/SSZ-13 for 

C4H10-SCR as a function of reaction temperature in quartz and stainless-steel reactor. 
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Figure A.3 Comparison of de-NOx performance over the parent ZSM-5 and Cu/ZSM-5 for 

C4H10-SCR as a function of reaction temperature in quartz and stainless-steel reactor. 
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Figure A.4 Comparison of de-NOx performance over the parent BETA and Cu/BETA for 

C4H10-SCR as a function of reaction temperature in quartz and stainless-steel reactor. 
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A.3 Comparison of C4H10 conversion 

The effect of reactor system on the reaction temperature-dependence of C4H10 

conversion over the Cu/SSZ-13, Cu/ZSM-5, and Cu/BETA is compared in Figures A.5–A.7. 

The Cu/zeolite catalysts enhanced the rate of C4H10 oxidation with an increase in the Cu 

loading in both the reactor systems. This was evident in the case of Cu/SSZ-13 and Cu/BETA 

catalysts. As illustrated in Figure A.7(e), the light-off temperature (LOT50) of Cu/BETA for 

the quartz reactor decreased in the following order: 429℃ (10Cu/BETA) < 445℃ 

(5Cu/BETA) < 510℃ (2Cu/BETA) < 551℃ (1Cu/BETA). As similar to that of the quartz 

reactor, LOT50 of Cu/BETA for the stainless-steel reactor also decreased in the following 

order (Figure A.7(f)): 400℃ (10Cu/BETA) < 415℃ (5Cu/BETA) < 484℃ (2Cu/BETA) < 

524℃ (1Cu/BETA). Interestingly, the stainless-steel reactor showed lower LOT50 of C4H10 

than that of the quartz reactor over the same Cu loading. 

From the C4H10 conversion data, the loading of Cu into the respective zeolites improved 

the C4H10 conversion, and the impregnated Cu species play a key role for the partial oxidation 

of C4H10. In addition, the de-NOx performance of Cu/zeolite catalysts was highly related to 

the rate of C4H10 oxidation. In both the catalytic reactor systems, 2Cu/ZSM-5 exhibited the 

best de-NOx performance, exhibiting ηNOx = 73.6% for the quartz reactor and ηNOx = 64.6% 

at the highest HC/NOx ratio. The LOT50 of Cu/ZSM-5 for the quartz reactor at the highest 

HC/NOx ratio decreased in the following order (Figure A.6(g)): 408℃ (2Cu/ZSM-5) < 410℃ 

(10Cu/ZSM-5) < 422℃ (5Cu/ZSM-5) < 468℃ (1Cu/ZSM-5). In the case of stainless-steel 

reactor, the LOT50 of Cu/ZSM-5 was in the following order: 420℃ (2Cu/ZSM-5) < 437℃ 

(10Cu/ZSM-5) < 440℃ (5Cu/ZSM-5) < 474℃ (1Cu/ZSM-5). Therefore, the order of C4H10 

conversion exhibited an identical trend between the quartz reactor and stainless-steel reactor. 
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Figure A.5 Comparison of C4H10 conversion over the parent SSZ-13 and Cu/SSZ-13 for 

C4H10-SCR as a function of reaction temperature in quartz and stainless-steel reactor. 
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Figure A.6 Comparison of C4H10 conversion over the parent ZSM-5 and Cu/ZSM-5 for 

C4H10-SCR as a function of reaction temperature in quartz and stainless-steel reactor. 
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Figure A.7 Comparison of C4H10 conversion over the Cu/BETA for C4H10-SCR as a function 

of reaction temperature in quartz and stainless-steel reactor. 
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A.4 Comparison of CO conversion 

The effect of reactor system on the reaction temperature-dependence of CO conversion 

over the Cu/SSZ-13, Cu/ZSM-5, and Cu/BETA catalysts is compared in Figures A.8–A.10. 

The negative CO conversion was observed over the parent ZSM-5 zeolite in both reactor 

systems, and it also considerably decreased with an increased in the HC/NOx ratio, as 

illustrated in Figure A.8. However, the introduction of Cu into the SSZ-13 zeolite improved 

the CO conversion over the entire reaction temperatures. In the case of quartz reactor (Figure 

A.8(a)), the light-off temperature (LOT50) of CO for 5Cu/SSZ-13 was 254℃, which is even 

lower than that of 1Cu/SSZ-13 (LOT50 = 458℃). As similar to the quartz reactor, the LOT50 

of CO of 5Cu/SSZ-13 and 1Cu/SSZ-13 for the stainless-steel reactor was 257℃ and 434℃, 

respectively (Figure A.8(h)). When HC/NOx ratios of more than 4, the CO conversion of 

Cu/SSZ-13 began to drop at reaction temperatures above 555℃ in the quartz reactor, whereas 

the stainless-steel reactor retained higher CO conversion even at higher temperature regions. 

This result may be attributed to the different composition of material for the respective 

reactors. The quartz reactor is composed of Si and O atoms in a regular framework of SiO4 

silicon-oxygen tetrahedra, with respective oxygen being shared between two tetrahedral units. 

Whereas, the stainless-steel reactor is composed of stainless-steel 304 (SUS-grade 304), 

which consists of 66–74 wt% Fe, 18–20 wt% Cr, 8–10.5 wt% Ni, <0.03 wt% S, <1 wt% Si, 

<0.04 wt% P, <2 wt% Mn, and <0.08 wt% C [232]. Therefore, Fe, Cr and Ni species of the 

SUS 304 could assist the CO oxidation at higher temperatures in the stainless-steel reactor. 

Indeed, these materials exhibited the high activity for CO oxidation, especially in the case of 

Fe [233], Cr [234], and Ni [235, 236]. 

Comparison of the CO conversion for the quartz reactor and stainless-steel reactor over 

the parent ZSM-5 zeolite and Cu/zeolite catalysts (Figure A.9) shows that increasing the Cu 
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loading affected the rate of CO oxidation in both the reactor systems. The distinct feature was 

observed over the 1Cu/ZSM-5 catalyst. In the case of HC/NOx ratios of more than 4, CO 

conversion began to decrease from the reaction temperatures of 315–390℃ in the quartz 

reactor, and the CO conversion ranged negative conversion with increase in the reaction 

temperatures. However, the CO conversion began to increase at 510℃ (Figure A.9(f)) and 

555℃ (Figure A.9(h)), reaching 86−56% CO conversion at 600℃. As described in the 

previous section, this is attributed to the promotional effect of stainless-steel reactor for CO 

oxidation at higher temperature regions due to the material component including Fe, Cr and 

Ni. 

In the case of Cu/BETA catalysts as illustrated in Figure A.10, the Cu/BETA catalysts 

with Cu loadings of less than 5 wt% could not oxide CO at HC/NOx ratios of more than 2 in 

the both reactor system. In addition, increasing the Cu loading was beneficial for the rate of 

CO oxidation and LOT50 of CO oxidation. For instance, the LOT50 of CO for the quartz 

reactor was 546℃ (5Cu/BETA) and 494℃ (10Cu/BETA) at HC/NOx =4, which is higher 

than those of the stainless-steel reactor; LOT50 of these catalysts for the stainless-steel reactor 

was 505℃ (5Cu/BETA) and 459℃ (10Cu/BETA) at HC/NOx = 4. The similar trend could 

be observed at other HC/NOx ratios. Therefore, the stainless-steel reactor had a positive effect 

on the rate of CO oxidation at relative higher reaction temperatures and LOT50 of CO due to 

the promotional effect of stainless steel for CO oxidation. 
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Figure A.8 Comparison of CO conversion over the parent SSZ-13 and Cu/SSZ-13 for C4H10-

SCR as a function of reaction temperature in quartz and stainless-steel reactor. 
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Figure A.9 Comparison of CO conversion over the parent ZSM-5 and Cu/ZSM-5 for C4H10-

SCR as a function of reaction temperature in quartz and stainless-steel reactor. 
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Figure A.10 Comparison of CO conversion over the Cu/BETA for C4H10-SCR as a function 

of reaction temperature in quartz and stainless-steel reactor. 
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A.5 Effect of reactor system on N2 yield 

The effect of catalytic reactor system on N2 yield over the Cu/zeolite catalysts, that 

exhibited best de-NOx performance among the respective Cu/zeolites at HC/NOx = 4, is 

compared at reaction temperature ranging from 360 to 600℃ in Figure 6.11. Notably, there 

was no appreciable difference between the NOx conversion and N2 yield, suggesting that both 

catalytic reactors could reduce supplied NOx to N2 by C4H10. The similar trend was also 

observed at other HC/NOx ratios over the all Cu/zeolite catalysts (not shown in Figure). 

Although, nitrous oxide (N2O) was produced over the 10Cu/BETA catalyst for the stainless-

steel reactor, the N2O selectivity was less than 0.8–3.5% from 390 to 540℃ (Figure A.11(f)). 

From the influence of O2 concentration in the feed gas during the C4H10-SCR process, 

the N2 yield did not coincide with the NOx conversion because NOx was reduced to N2 with 

accompanying side-reaction to produce NH3. To investigate the effect of reactor system on 

side-reaction, the N2 yield and NOx conversion over the 2Cu/ZSM-5 catalysts is compared, 

as shown in Figure A.12. The NOx conversion began to sharply increase in the both reactor 

systems from 450℃ in the absence of O2, achieving 97.9% NOx conversion for the quartz 

reactor and 92.6% NOx conversion for the stainless-steel reactor at 600℃. Moreover, N2 

yield did not coincide with the NOx conversion due to the formation of NH3 by the side-

reaction; especially, more NH3 was produced in the stainless-steel reactor because the 

HC/NOx ratio was higher than that of the quartz reactor. In contrast, when more than 1 vol.% 

O2 was present in the feed gas, the N2 yield was in good accord with the NOx conversion in 

both the reactor systems. These findings indicate that O2 concentration highly effects the 

catalytic selectivity, largely producing NH3 as a side-reaction in the absence of O2. 
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Figure A.11 Effect of catalytic reactor system on N2 yield over the Cu/zeolite catalysts at 

HC/NOx = 4 in C4H10-SCR process. 

 

 

 

360 390 420 450 480 510 540 570 600
0

20

40

60

80

100
(a)  HC/NOx = 4

 Quartz reactor 
 1Cu/SSZ-13

N
2 

yi
el

d 
&

 N
H

3 
se

le
ct

iv
iy

 
&

 N
O

x 
co

nv
er

si
on

 [
%

]

Temperature, T [°C]

  Unreacted NOx
  N2O + HNCO selectivity 
  NH3 selectivity
  N2 yield
  NOx conversion

360 390 420 450 480 510 540 570 600
0

20

40

60

80

100
 HC/NOx = 4
 Stainless-steel reactor 
 1Cu/SSZ-13

N
2 

yi
el

d 
&

 N
H

3 
se

le
ct

iv
iy

 
&

 N
O

x 
co

nv
er

si
on

 [
%

]

Temperature, T [°C]

360 390 420 450 480 510 540 570 600
0

20

40

60

80

100
(c)  HC/NOx = 4

 Quartz reactor 
 2Cu/ZSM-5

N
2 

yi
el

d 
&

 N
H

3 
se

le
ct

iv
iy

 
&

 N
O

x 
co

nv
er

si
on

 [
%

]

Temperature, T [°C]
360 390 420 450 480 510 540 570 600

0

20

40

60

80

100
(d)  HC/NOx = 4

 Stainless-steel reactor 
 2Cu/ZSM-5

N
2 

yi
el

d 
&

 N
H

3 
se

le
ct

iv
iy

 
&

 N
O

x 
co

nv
er

si
on

 [
%

]

Temperature, T [°C]

360 390 420 450 480 510 540 570 600
0

20

40

60

80

100
(e)  HC/NOx = 4

 Quartz reactor 
 10Cu/BETA

N
2 

yi
el

d 
&

 N
H

3 
se

le
ct

iv
iy

 
&

 N
O

x 
co

nv
er

si
on

 [
%

]

Temperature, T [°C]
360 390 420 450 480 510 540 570 600

0

20

40

60

80

100
(f)  HC/NOx = 4

 Stainless-steel reactor 
 10Cu/BETA

N
2 

yi
el

d 
&

 N
H

3 
se

le
ct

iv
iy

 
&

 N
O

x 
co

nv
er

si
on

 [
%

]

Temperature, T [°C]



 Appendix A: C4H10-SCR Process for Quartz and Stainless-

Appendices steel reactor

 

188 

 

 

 

    

    

    

Figure A.12 Effect of O2 concentration (0–8 vol.% O2) on N2 yield over the 2Cu/ZSM-5 

catalysts in quartz (HC/NOx = 6) and stainless-steel reactor (HC/NOx = 8) during C4H10-

SCR process. 
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A.6 Summary 

The different reactor systems that are quartz and stainless-steel reactors were compared 

in the C4H10-SCR process over the Cu/zeolite catalysts. The catalytic activities, including de-

NOx performance, partial oxidation of C4H10, CO oxidation, N2 selectivity, and by-products, 

are discussed in both catalytic reactor systems to identify the effect of catalytic operating 

environment. The NOx conversion of Cu/zeolites considerably decreased at reaction 

temperatures above 570℃ in the stainless-steel rector, reaching nearly less than of 5% NOx 

conversion at 600℃. However, in the case of quartz reactor, the NOx conversion of all the 

Cu/zeolite catalysts was much higher than that of the stainless-steel reactor, even at higher 

temperature regions. The quartz reactor was favorable for de-NOx ability. The rate of partial 

oxidation of C4H10 exhibited an identical trend between the quartz and stainless-steel reactor. 

When HC/NOx ratios of more than 4, the CO conversion began to drop at reaction 

temperatures above 555℃ over the specific Cu/zeolite in the quartz reactor, whereas the 

stainless-steel reactor could retain higher CO conversion even at high temperature regions. 

This result was attributed to the different composition of material for the respective reactors. 

Fe, Cr, and Ni, that are included in the stainless-steel reactor as prime element, which had a 

positive effect on the rate of CO oxidation compared to the quartz reactor at relatively higher 

reaction temperatures and LOT50 of CO. And the temperature distribution of upstream heater 

and downstream reacor mainly affected the unfavorable effect on the reactor test above 570℃ 

because the upstream heater was highly heated up to 680℃ (reactor T = 600℃). From the 

influence of O2 concentration, the N2 yield did not coincide with the NOx conversion due to 

formation of NH3 as side-reaction in the absence of O2, whereas, there was no appreciable 

difference between the NOx conversion and N2 yield when O2 was supplied more than 1 

vol.%. 
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Appendix B: Measuring Equipment Technical Data 

All the prepared catalysts were characterized by various techniques, such as X-ray 

diffraction (XRD), 27Al magic angle spinning–nuclear magnetic resonance (27Al MAS–

NMR), N2–isotherms, inductively coupled plasma–atomic emission spectrometry (ICP–AES), 

high-resolution field emission–scanning electron microscope (FE–SEM), scanning 

transmission electron microscope (STEM), and Ultraviolet-visible (UV–vis) spectroscopy. 

The crystal phases of the powder catalysts were characterized using a 3D high-resolution 

X-ray diffractometer (Empyrean, Malvern PANalytical) with Cu-Kα radiation (λ = 1.5425 Å) 

by employing an X-ray generator operating at 40 kV and 30 mA. The X-ray diffraction (XRD) 

spectra were recorded in the 2θ range of 5–80° at a scanning angle of 0.02°. Table B.1 

summarizes the specifications of the powder XRD analyzer. 

The structural coordination of the Al species located in the zeolite framework was 

identified by solid-state 27Al magic angle spinning–nuclear magnetic resonance (27Al MAS–

NMR) using a JNM ECA-600 spectrometer (JOEL) operating at a resonance frequency of 

156.4 MHz. Aluminium ammonium sulfate dodecahydrate ((NH4)Al(SO4)2·12H2O) was used 

as a reference for the chemical shift of the 27Al species in the powder catalysts at −0.54 ppm. 

Table B.2 shows the specifications of the JEOL JNM ECA-600 NMR spectrometer. 

The liquid N2 adsorption and desorption were carried out to characterize the surface area 

and the pore size of the prepared catalysts. The specific surface area and total pore volume 

were identified by N2 adsorption-desorption at 77 K using a Belsorp–Mini II (MicrotracBEL). 

Table B.3 summarizes the specifications of the N2 isotherms analyzer used in the present 

study. Prior to the N2 isotherms measurement, all samples were evacuated at 350℃ for 3 h to 

remove contaminants and moisture. The Brunauer‒Emmett‒Teller (BET) specific surface 

area and average pore diameter were calculated from the N2 adsorption profiles at a relative 
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pressure ranging from 0.05 to 0.1, and the pore volume was calculated at a relative pressure 

of 0.99. The pore size distribution and micropore volume were also calculated from the N2–

isotherms using Barrett‒Joyner‒Halenda (BJH) and t-plot methods, respectively. The BET 

surface area (ABET) was calculated by the following equations: 

 
2A

BET m m
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
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The copper content of the prepared catalyst was analyzed by inductively coupled 

plasma–atomic emission spectroscopy (ICP–AES). Prior to the ICP–AES measurement, the 

prepared catalyst powder was mixed with sodium hydroxide (NaOH) solution to dissolve the 

metal species. The mixture of 50 mg of the catalyst sample and NaOH was prepared, and 

these solutions were supplied to the ICP-AES analyzer. Table B.4 summarizes the 

specifications of the ICP–AES analyzer used in the present study. From the ICP–AES results, 

the copper content was calculated by applying the equation (B.4): 

 Cu Cu
cat

50
   100 [wt%]
1000  

W C
m

 
    

 (B.4)

The cell configurations and physical properties of monolithic cordierite (Table 2.2) were 

calculated by applying the following equations: 
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 h 4  [mm]
OFA

d
GSA

  (B.9)

 

The microstructure and crystalline morphology of the prepared catalysts were 

characterized by field emission–scanning electron microscopy (FE–SEM) using an ultra-

high-resolution microscope with a cold filed emission gun (CFE) operating at 1.0 kV. Table 

B.5 summarizes the specifications of FE-SEM analyzer used in the present study. 

Transmission electron microscopy (TEM) was analyzed by Hitachi H-8000 to observe 

the distribution of copper particles. From the obtained TEM micrographs, nearly 100 copper 

particles were identified, and then an average particle diameter and particle size distribution 

of copper species were calculated by an ImageJ software. 

The valence state of Cu species of the Cu/zeolite catalysts was examined by ultraviolet–

visible (UV–vis) spectra in the diffuse reflectance mode using a Jasco V-650 UV–vis 

spectrophotometer. Table B.6 shows the specifications of the UV–vis analyzer. To identify 

the Cu species impregnated in the powder Cu/zeolite samples, UV–vis adsorption spectra 

were recorded in the range of wavelength between 200 nm and 600 nm. The collected 

reflection spectra were treated by the so-called Schuster–Munk function. The atomic states 

of the surface elements and their valence states were identified by X-ray photoelectron 

spectroscopy (XPS) (K-Alpha+, Thermo Fisher Scientific, spot size: 400 μm) using an Al-Kα 

micro-focused monochromator. The binding energy data from the XPS spectra were acquired 

in the range of −10 to 1,350 eV at a step size of 1.0 eV. Table B.7 summarizes the 

specifications of the XPS analyzer. 

The specifications of Fourier transform infrared spectroscopy (FTIR) analyzer are 

summarized in Table B.8 and B.9, respectively. 
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Table B.1 Specifications of powder XRD analyzer. 

Model: Empyrean (Malvern Panalytical, Netherlands) 

X-ray Generator 

Maximum rated output 4 kW 

Rated tube voltage 60 kV 

Rated tube current 2 – 60 mA 

Target material Copper 

Focus size width 0.4 × length 12 mm 

Wavelength Kα1 1.540598 Å, Kα2 1.544426 Å 

Kα2/ Kα1 ratio intensity 0.50 

Divergence slit Fixed slit 1/2° 

Goniometer 

Goniometer radius 240 mm 

2θ measuring range -111° < 2θ < 168° 

Minimum step size 0.0001° 

Detector PIXcel3D-Medipix3 1×1 

 

Table B.2 Specifications of MAS–NMR analyzer. 

Model: JNM–ECA 600 (JEOL Ltd., Japan) 

Spectrometer Osicillator, receiver, power amplifier 

Magnet 
SCM field strength 14.1 T 

Bore diameter 54 mm 

Probe 5 mm FG/TH tunable 

 

Table B.3 Specifications of N2 adsorption-desorption analyzer. 

Model: BELSOPR-mini II (MicrotracBEL Corp., Japan) 

Measurement principle Volumetric gas adsorption method + AFSM 

Adsorptive N2, Ar, H2, CO2, and other non-corrosive gases 

Analysis port 
High accuracy mode: 3 ports 
Standard mode: 2 ports 

Specific surface area 0.01 m2/g (N2 at 77 K) 

Pore size distribution 0.35 – 200 nm in pore diameter 

Pressure transducer 133 kPa (1,000 Torr) ± 0.5% of full scale 

Dewar vessel 
Volume: 2 L 
Holding time: 30 hours 

Sample cell 1.8 cm3 
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Table B.4 Specifications of inductively coupled plasma–atomic emission spectroscopy 

(ICP–AES). 

Model: ICPE-9000 Plasma Atomic Emission Spectrometer (Shimadzu Corp., Japan)

Plasma Light Source 

Torch unit Axial observation 

Sample misting chamber Cyclone chamber 

Nebulizer Coaxial type 

Radio Frequency Generator 

Oscillator sample Crystal oscillator 

Max. frequency output 1.6 kW 

Radio frequency circuit element Transistor element 

Ignition method Fully automatic 

Spectrometer Unit 

Optical system Echelle spectrometer 

Wavelength range 167 – 800 nm 

Resolution ≤ 0.005 nm at 200 nm 

Vacuum ultraviolet range compatibility Vacuum spectrometer 

Spectrometer temperature With thermal control 

 

 

Table B.5 Specifications of field emission–scanning electron microscopy (FE–SEM). 

Model: Ultra-high-resolution SEM SU9000 (Hitachi High-Tech Corp., Japan) 

Resolution 

SE image 
0.4 nm (30 kV, sample height = 1.0 mm) 
1.2 nm (1 kV, sample height = 2.0 mm) 

STEM image 0.34 nm (30 kV, sample height = 0.0 mm, lattice image) 

Magnification 

LM mode × 80 – 10,000 (Mag on photo) 

HM mode × 800 – 3,000,000 (Mag on photo) 

Electron optics 

Electron gun Cold cathode field emission source 

Acc. Voltage 0.5 – 30 kV (0.1 kV step) 

Beam blanking Electrostatic type (synchronized with scanning signal) 

Detector 

Detector Secondary electron detector 
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Table B.6 Specifications of ultraviolet–visible spectroscopy (UV–vis). 

Model: V-650 (Jasco Corp., Japan) 

Optical system 
Single monochromator 
Fully symmetrical double beam 
Czerny-Turner mount 

Light source 
Deuterium lamp: 190 – 350 nm 
Halogen lamp: 330 – 900 nm 

Detector Photomultiplier tube 

Wavelength range 190 – 900 nm 

Wavelength repeatability ± 0.05 nm 

Wavelength accuracy ± 0.2 nm (at 656.1 nm) 

Scanning speed 10 – 4,000 nm/min 

RMS noise 0.00003 Abs 

Baseline flatness ± 0.0003 Abs 

 

 

 

 

Table B.7 Specifications of X-ray photoelectron spectroscopy (XPS). 

Model: K-Alpha+ (Thermo Fisher Scientific, United States of America) 

Range of motion 100 – 4,000 eV 

X-ray monochromator Al Kα Micro-focused 

Ion Gun EX06 ion source (200 eV to 4 keV) 

X-ray spot size 30 – 400 μm in 5 μm steps 

Energy resolution 0.5 eV FWHM 

Sample tilt 55° 

Analysis depth ~10 nm from sample surface 

Elementary analysis from Li (lithium) to U (uranium) 
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Table B.8 Specifications of Fourier transform infrared spectroscopy (FTIR). 

Model: BOB-2000FT (Best Instrument Co. Ltd., Japan) 

Measuring components Standard 25 + calculated components, max. 40 

Wavelength 400 – 7,000 cm−1 

Laser source He-Ne laser 

Wavelength resolution 0.5 cm−1 

Sampling frequency 0.1 – 10 Hz 

Light path length 5.11 m 

Cell volume 200 cc 

Cell temperature 191℃ 

Cell window material ZnSe 

Cell inner pressure Vacuum 

Optical mirror Gold coat 

Sampling flowrate Maximum 12 L/min (variable flowrate) 

Response time 1.0 – 1.5 sec (12 L/min sample) 

Purge gas N2 gas 

 

 

Table B.9 Specifications of Fourier transform infrared spectroscopy (Midac FTIR). 

Model: Midac I-2004 (Midac Corp., United States of America) 

Laser source He-Ne laser 

Wavelength resolution 32 – 0.25 cm−1 

Spectral range With Zn Se optics, MCT: 7, 800 – 650 cm−1 

Interferometer Michelson 

Detector Thermoelectrically cooled MCT 

Light path length 4.0 m 

Cell volume 300 cc 

Cell temperature 150℃ 

Accuracy > 0.001 cm−1 
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