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Power plants that produce energy use fossil fuels and liquefied natural 

gases as energy sources to produce a large amount of electrical and thermal 

energy, in response to the increase in energy consumption due to economic 

development and population growth. Therefore, the emissions of air pollutants 

are inevitably increasing, and the major air pollutants are particulate matter 

(PM10, PM2.5), nitrogen oxides (NOx), sulfur oxides (SOx), carbon dioxide 

(CO2), and volatile organic compounds (VOCs). Technology for removing 

fine dust corresponding to the air pollutant PM10 was a major concern until 

2015, but the harmful effects of ultrafine dust have been highlighted in recent 

years. Therefore, efforts to reduce the emission of ultrafine dust below PM2.5 

and its causing substances are continuing. Nitrogen oxides are attracting 
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attention as typical secondary products of particulate matters, and regulations 

on emissions of transportation and industry as a whole are enforced.  

To meet the stringent regulation of NOx emission, post-combustion 

processes have been utilized because other processes like denitrification of 

fuel and combustion control are not sufficient. Selective catalytic reduction 

with ammonia (NH3-SCR) is the most widely used technology for the removal 

of NOx from stationary and mobile sources due to its outstanding efficiency 

among the post-combustion denitrification processes. In NH3-SCR, NOx is 

converted into non-toxic gases (N2 and H2O) by a catalytic reaction with 

gaseous reductant NH3. It is generally reported that the SCR of NOx is divided 

into three reaction pathways according to the concentration of NO and NO2; 

Standard SCR (NO2/NOx < 0.5), Fast SCR (NO2/NOx = 0.5), and NO2 SCR 

(NO2/NOx > 0.5). 

To date, a large number of catalysts have been designed and developed 

for SCR processes, such as cerium supported on TiO2, manganese supported 

on TiO2, composite metal oxides, and ion-exchanged zeolite. Among them, 

most of the present NH3-SCR systems are comprised of vanadium-based 

catalysts such as V2O5/TiO2 or V2O5−WO3/TiO2. Vanadium-based catalysts 

are widely used for SCR catalysts due to their high catalytic performance and 

economic advantages. 

However, several issues arise when those catalysts are applied to diesel 

engine-based vessels. The temperature of the flue gas from the vessel engine 

is lower than 300 oC, which is classified in the low-temperature operation 

region. In low-temperature operation, sulfur dioxide (SO2) arising from the 

oxidation of sulfur species in diesel fuel can deactivate catalysts for SCR of 
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NO. SO2 can be easily oxidized to SO3 by SCR catalysts, and then SO3 reacts 

with NH3 to generate undesirable side reaction products, such as ammonium 

sulfate ((NH4)2SO4) and ammonium bisulfate (NH4HSO4). The sticky and 

corrosive ammonium sulfate species can be deposited on the surface of the 

catalysts because (NH4)2SO4 and NH4HSO4 are in the liquid phase in low-

temperature region operations. Such ammonium sulfate deposits block the 

pore structure, leading to poor diffusion of the reactant on the active sites of 

the SCR catalysts. Therefore, the SCR catalysts utilized in the vessel must 

have excellent SO2 resistance and catalytic activity under a high space 

velocity due to the relatively high sulfur content in diesel fuel. 

A series of V2O5-WO3/TiO2 catalysts were prepared by mechanically 

mixing V2O5-WO3/TiO2 and Fe2O3 with different textural properties to 

enhance SO2 resistance. The degree of polymerization of V2O5 determined 

from Raman spectroscopy measurements explained the difference in NOx 

conversion between VW/Ti and VW/Ti+Fe catalysts in the absence of SO2. 

SO2-TPD measurements revealed that the formation of ammonium sulfate 

species was suppressed due to the generation of iron sulfate species from 

adjacent Fe2O3. Furthermore, it was confirmed by in situ FT-IR and NH3-TPD 

results that iron sulfate could assist the NH3-SCR reaction by offering 

additional Brønsted acid sites. The mechanical mixture of V2O5-WO3/TiO2 

and Fe2O3, with the highest surface area and pore volume, exhibited excellent 

SO2 resistance. In summary, Fe2O3 inhibited the formation of ammonium 

sulfate, thereby lowering the deactivation of catalysts and maintaining the 

catalytic activity for a long-term reaction period.  

Additionally, in the presence of appropriate temperature and flue gas 
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composition in the LNG power plant, the ratio of NO2/NOx in flue gas is 

displayed above 70%. It was reported that the V2O5-WO3/TiO2 catalyst 

showed excellent deNOx efficiency under Standard SCR and Fast SCR, while 

the catalyst performance was significantly low under NO2 SCR. Therefore, 

the vanadium-based catalyst utilized in the LNG power plant needs to be 

improved for reducing NOx under a high ratio of NO2/NOx. 

Physically mixed VWTi+ZSM-5 catalysts were prepared and applied to 

the selective catalytic reduction (SCR) of NOx with NH3. Combined H2-TPR 

and Raman spectroscopy results indicated that the reducibility of VWTi did 

not significantly change even after physical mixing with zeolite. Therefore, 

VWTi and VWTi+ZSM-5 catalysts showed similar catalytic activity in the 

Standard SCR. NO2-TPD results indicated that the amount of NO2 adsorbed 

on the VWTi+ZSM-5 was much higher than that on the VWTi. Accordingly, 

the VWTi+ZSM-5 catalyst exhibited higher deNOx efficiency than VWTi 

catalyst in the NO2 SCR. XRD and N2 adsorption-desorption results indicated 

that the crystallinity of ZSM-5 is lowered after mechanical mixing. It 

appeared that the amount of NH4NO3 formed in the VWTi+ZSM-5 decreased 

due to the decrease of NH4NO3 stability, based on the TPD result. In addition, 

as the strength of Brønsted acid sites in ZSM-5 were weakened during the 

physical mixing process, the N2O generation was suppressed and the N2 

selectivity increased in the VWTi-ZSM-5 catalysts at high temperature. As a 

result, the VWTi+ZSM-5 catalyst produced less N2O than the ZSM-5 catalyst. 

In summary, physically mixed VWTi+ZSM-5 catalysts demonstrated the 

outstanding catalytic performance in the SCR of NO and NO2 with NH3. 
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Chapter 1. Introduction 

 

1.1. Environmental issues 

 

Power plants that produce energy use fossil fuels and liquefied natural 

gases as an energy sources to produce a large amount of electrical and thermal 

energy, in response to the increase in energy consumption due to economic 

development and population growth. Therefore, the emissions of air pollutants 

are inevitably increasing, and the major air pollutants are particulate matter 

(PM10, PM2.5), nitrogen oxides (NOx), sulfur oxides (SOx), carbon dioxide 

(CO2) and volatile organic compounds (VOCs) [1-3]. According to the 

National Fine Dust Information Center, nitrogen oxides have the highest 

emissions at 1,248,309 tons as of 2016, with volatile organic compounds at 

1,024,029 tons and carbon monoxide at 795,044 tons. The energy-burning 

industry's emissions of air pollutants are 145,445 tons for nitrogen oxides, 

91,696 tons for sulfur oxides, and 58,579 tons for carbon monoxide. From this, 

it can be confirmed that the emission amount of nitrogen oxides accounts for 

the highest proportion, as illustrated in Fig. 1-1 [4]. 

Technology for removing fine dust corresponding to the air pollutant 

PM10 was a major concern until 2015, but the harmful effects of ultrafine dust 

have been highlighted in recent years. Therefore, efforts to reduce the 

emission of ultrafine dust below PM2.5 and its causing substances are 

continuing. As shown in Fig. 1-2, such fine dust not only causes respiratory 

diseases, but also penetrates into blood vessels, causing various fatal diseases 
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such as stroke and cardiovascular disease. Nitrogen oxides are attracting 

attention as a typical secondary product of particulate matters, and regulations 

on emissions of transportation and industry as a whole are enforced. Fig. 1-3 

shows the process of fine dust formation by nitrogen oxides and another. NOx 

discharged into the atmosphere has a great effect on the human body such as 

cough, sputum, and respiratory disorders, and reacts with ultraviolet rays, dust, 

etc. to cause photochemical smog. In addition, it dissolves in the moisture in 

the air and switches to acid rain, which causes damage to forests, trees, and 

agricultural products [5]. 

Recently, a special law on improving the air environment in the air 

controlled area was enacted in April 2019 in Korea. Moreover, ahead of 

implementation from April 2020, regulations on nitrogen oxide emissions 

have been strengthened at most air pollutant-emitting workplaces nationwide 

[6]. 
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(a)

(b)

 

Fig. 1-1. (a) Air pollution emissions (b) Emissions of air pollutants in the 

combustion sector of the energy industry (unit: Ton).
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Fig. 1-2. Particulate matters and its effect. 
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Fig. 1-3. Process of fine dust formation. 
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1.2. Selective catalytic reduction (SCR) 

 

To meet the stringent regulation of NOx emission, post-combustion 

processes have been utilized because other processes like denitrification of 

fuel and combustion control are not sufficient. Selective catalytic reduction 

with ammonia (NH3-SCR) is the most widely used technology for the removal 

of NOx from stationary and mobile sources due to its outstanding efficiency 

among the post-combustion denitrification processes [7]. In NH3-SCR, NOx is 

converted into non-toxic gases (N2 and H2O) by catalytic reaction with 

gaseous reductant NH3. It is generally reported that the SCR of NOx is based 

on the following reaction according to the concentration of NO and NO2. 

 

4NO + 4NH3 + O2  4N2 + 6H2O (Standard SCR) 

NO + NO2 + 2 NH3  2N2 + 3H2O (Fast SCR) 

3NO2 + 4NH3  3.5N2 + 6H2O (Slow SCR) 

 

To date, a large number of catalysts have been designed and developed 

for SCR processes, such as cerium supported on TiO2, manganese supported 

on TiO2, composite metal oxides and Cu-zeolite. Among them, most of 

present NH3-SCR systems are comprised of vanadium-based catalysts such as 

V2O5/TiO2 or V2O5−WO3/TiO2. Vanadium-based catalysts are widely used for 

the SCR catalysts due to its high catalytic performance and economic 

advantages. Fig. 1-4 shows the process of fine dust formation by nitrogen 

oxides and another.
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Fig. 1-4. The scheme of selective catalytic reduction (SCR) process. 
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1.3. Objectives 

 

Nitrogen oxides NOx (NO and NO2) emitted from stationary and mobile 

sources are a significant contributor to the formation of multiple 

environmental pollutants, such as smog, acid rain and haze. To date, the 

selective catalytic reduction (SCR) of NOx with NH3 is the most common 

technology used to control NOx emissions as an efficient and economical 

process. It has been reported that commercial vanadium-based catalysts 

(V2O5/TiO2 or V2O5-WO3/TiO2) are widely used for reducing NOx from 

stationary sources with high deNOx efficiency [8]. However, several issues 

arise when those catalysts are applied to diesel engine-based vessels and 

liquified natural gas-based plant.  

The temperature of the flue gas from the vessel engine is lower than 

300 oC, which is classified in the low-temperature operation region. In low-

temperature operation, sulfur dioxide (SO2) arising from the oxidation of 

sulfur species in diesel fuel can deactivate catalysts for SCR of NO. SO2 can 

be easily oxidized to SO3 by SCR catalysts, and then SO3 reacts with NH3 to 

generate undesirable side reaction products, such as ammonium sulfate 

((NH4)2SO4) and ammonium bisulfate (NH4HSO4) [9]. The sticky and 

corrosive ammonium sulfate species can be deposited on the surface of the 

catalysts because (NH4)2SO4 and NH4HSO4 are in the liquid phase in low-

temperature region operations. Such ammonium sulfate deposits block the 

pore structure, leading to poor diffusion of the reactant on the active sites of 

the SCR catalysts. Therefore, the SCR catalysts utilized in the vessel must 
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have excellent SO2 resistance and catalytic activity under a high space 

velocity due to the relatively high sulfur content in diesel fuel. 

From another point of view, high NO2 ratios can be a problem in LNG 

plants [10]. The temperature of the comnustion chamber of gas turbine 

reaches from 500 oC to 600 oC, and the CO and O2 concentrations are 

sufficient enough to oxidize NO to NO2. CO can be easily oxidized to CO2, 

and radical O, OH are produced in order. Then, the free radical OH initiates a 

chain reaction to oxidize NO to NO2. In the presence of appropriate 

temperature and CO, O2 concentration, the ratio of NO2/NOx in flue gas is 

displayed above 70%, resulting in the emission problem of yellow plume. As 

the market share of gas power plant increases, the problem of yellow plume 

has recently received a lot of attention all around the world. Therefore, the 

SCR catalysts utilized in the LNG power plant must have excellent catalytic 

activity for reducing NOx under a high ratio of NO2/NOx. 

Therefore, V2O5-WO3/TiO2 catalysts were modifeid to improve the 

SCR activity with high SO2 concentration and NO2/NOx ratio. In chapter 2, a 

series of V2O5-WO3/TiO2 catalysts physically mixed with several Fe2O3 with 

different textural properties were prepared to investigate the effect of Fe2O3 

on the catalytic activities in the NH3-SCR reaction. The role of Fe2O3 in 

improving catalytic activities and SO2 resistance was then discussed. In 

chapter 3, a series of V2O5-WO3/TiO2 catalysts physically mixed with several 

zeolite with different pore size were prepared, and applied to NO2 SCR. The 

effect of zeolite on vanadium-based catalysts on NO2 SCR activity was 

discussed. 
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Chapter 2. Improved catalytic performance  

and resistance to SO2 over V2O5-WO3/TiO2 

catalyst physically mixed with Fe2O3 for  

low-temperature NH3-SCR 

 

 

2.1. Introduction 

 

Nitrogen oxide (NOx) emitted from stationary and mobile combustion 

sources contributes to a number of environmental problems, such as 

photochemical smog, acid rain, and ozone depletion [11]. To date, the 

selective catalytic reduction (SCR) of NO with NH3 has attracted much 

attention as an efficient and economical technology [12, 13]. It has been 

reported that commercial vanadium-based catalysts (V2O5/TiO2 or V2O5-

WO3/TiO2) are widely used for reducing NOx from stationary sources with 

high deNOx efficiency [14, 15]. However, several issues arise when those 

catalysts are applied to diesel engine-based vessels. The temperature of the 

flue gas from the vessel engine is lower than 300 oC, which is classified in the 

low-temperature operation region [16, 17]. In low-temperature operation, 

sulfur dioxide (SO2) arising from the oxidation of sulfur species in diesel fuel 

can deactivate catalysts for SCR of NO [18]. SO2 can be easily oxidized to 

SO3 by SCR catalysts, and then SO3 reacts with NH3 to generate undesirable 
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side reaction products, such as ammonium sulfate ((NH4)2SO4) and 

ammonium bisulfate (NH4HSO4), as shown in the following scheme [19]: 

2SO2(g) + O2(g) ↔ 2SO3(g) 

SO3(g) + H2O(g) ↔ H2SO4(g) 

2NH3(g) + H2SO4(g) ↔ (NH4)2SO4(s) 

NH3(g) + H2SO4(g) ↔ NH4HSO4(s) 

SO3(g) + (NH4)2SO4(g) ↔ (NH4)2S2O7(s) 

The sticky and corrosive ammonium sulfate species can be deposited on 

the surface of the catalysts because (NH4)2SO4 and NH4HSO4 are in the liquid 

phase in low-temperature region operations [20]. Such ammonium sulfate 

deposits block the pore structure, leading to poor diffusion of the reactant on 

the active sites of the SCR catalysts [21]. Therefore, the SCR catalysts utilized 

in the vessel must have excellent SO2 resistance and catalytic activity under a 

high space velocity due to the relatively high sulfur content in diesel fuel. 

In recent years, many researchers have focused on modifying 

vanadium-based catalysts to meet the operating conditions of the vessel. To 

overcome this problem, several transition metal oxides, such as cerium oxide 

(CeO2), manganese oxide (MnO2), copper oxide (CuO), and iron oxide 

(Fe2O3), have been employed as promotors [22-24] and main catalysts [25-27]. 

Among them, eco-friendly Fe2O3 has attracted much attention as a promising 

material because of its outstanding textural properties and competitive price. 

A number of research studies have been conducted using Fe-based catalysts, 
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including Fe2O3/WO3/ZrO2 [28], Fe2O3-SiO2 [29], mesoporous-TiO2@Fe2O3 

core-shell composites [30], Fe-Mn mixed oxide [31], and FeVO4/TiO2-WO3-

SiO2 [32]. However, few studies have been conducted applying Fe2O3 to 

commercial vanadium-based catalysts for SCR reactions. Wu et al. [24] 

prepared an Fe-doped V2O5/TiO2 catalyst by using sol-gel and impregnation 

methods with low amounts of Fe (Fe content less than 0.1 wt%), which 

improved SCR activity at low temperature in the presence of SO2. However, 

more detailed studies are imperative to understanding the effect of Fe2O3 on 

enhanced catalytic performance with high SO2 resistance. 

In this chapter, a series of V2O5-WO3/TiO2 catalysts physically mixed 

with several Fe2O3 with different textural properties were prepared to 

investigate the effect of Fe2O3 on the catalytic activities in the NH3-SCR 

reaction. The physicochemical properties of the prepared catalysts were 

characterized by N2 adsorption-desorption, X-ray diffraction (XRD), and 

Raman spectroscopy analyses. In addition, the formation of sulfate species on 

the catalysts during the reaction in the presence of SO2 was examined by 

temperature-programmed desorption using SO2-TPD measurements. The acid 

properties of the catalysts were investigated by in situ FT-IR and NH3-TPD 

analyses. The role of Fe2O3 in improving catalytic activities and SO2 

resistance was then discussed. 
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2.2. Experimental 

 

2.2.1. Preparation of the catalysts 

 

All catalysts used commercial V2O5-WO3/TiO2 (Nano Corporation, with 

a V2O5 content of 3.5 wt%, WO3 content of 4.0 wt%, and anatase TiO2) as 

vanadium-based catalysts (denoted as VW/Ti). A series of Fe2O3 catalysts 

with different textural properties were prepared using nano-replication and 

precipitation methods, and commercial Fe2O3 (Sigma-Aldrich) was used for 

comparison (denoted as Fe(N), Fe(P), and Fe(C), respectively). 

The Fe(N) catalyst was synthesized via the nano-replication method [24, 

25]. Fig. 2-1 shows the preparation procedures for the Fe(N) catalyst. Firstly, 

SBA-15 used as a hard template was prepared through a well-established 

synthesis procedure. P123 (Sigma-Aldrich) was dissolved in a mixed solution 

of deionized water and concentrated HCl while stirring at 40 oC for 6 h. 

Tetraethyl orthosilicate (Si(OC2H5)4, Sigma-Aldrich) was dropped into the 

solution with vigorous stirring at 40 oC for 24 h. The mixture was further aged 

at 100 oC for 24 h and subsequently, filtered, washed, and dried at 100 oC 

overnight. The resulting white solid was finally calcined at 550 oC for 3 h. 

Iron nitrate nonahydrates (Fe(NO3)·9H2O, Sigma-Aldrich) were dissolved in 

ethanol and the solution was impregnated into the pores of SBA-15. The 

impregnated SBA-15 was dried at 80 oC overnight and calcined at 550 oC for 

3 h. The silica template was removed by treating the composite with 2 M 

NaOH solution several times. Then, it was filtered, washed, and dried at 100 

oC overnight. The resulting red solid was finally calcined at 550 oC for 3 h. 
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The Fe(P) catalyst was synthesized via the precipitation method [26]. 

Fig. 2-2 shows the preparation procedures for the Fe(N) catalyst. FeSO4 

aqueous solution was prepared by dissolving iron sulfate heptahydrates 

(FeSO4·7H2O, Kanto) into deionized water. (NH4)2C2O4 aqueous solution was 

prepared by dissolving ammonium acetate dihydrates ((NH4)2C2O4·2H2O, 

Sigma-Aldrich) into deionized water and the pH of the solution was adjusted 

to 7.5 with ammonia solution. Subsequently, (NH4)2C2O4 solution was slowly 

added to the FeSO4 solution at room temperature for 2 h with mild stirring. 

Oxalate precipitates started to form in 15 min. The mixture was filtered, 

washed, and dried at 100 oC overnight. The resulting yellow solid was finally 

calcined at 550 oC for 3 h. 

The V2O5-WO3/TiO2 and several Fe2O3 samples (Fe(N), Fe(P), and 

Fe(C)) were mechanically mixed in a porcelain mortar for 20 min. The mass 

ratio of V2O5-WO3/TiO2 and Fe2O3 (denoted as VW/Ti+Fe(N), VW/Ti+Fe(P), 

and VW/Ti+Fe(C), respectively) was fixed at 1:1. 
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Fig. 2-1. Preparation procedure for the Fe(N) catalyst. 
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Fig. 2-2. Preparation procedure for the Fe(P) catalyst. 
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2.2.2. Characterization of the catalysts 

 

Nitrogen adsorption-desorption experiments (BEL Japan, BELSORP-

mini II) were conducted to examine the textural properties of the catalysts. 

The pore size distributions of the catalysts were determined by Barret-Joyner-

Hallender (BJH) method. X-ray diffraction (XRD) patterns of the catalysts 

were obtained with an XRD spectrometer (Rigaku, D-MAX2500-PC) using 

Cu-Kα radiation, operated at 50 kV and 100 mA. Raman spectrometry 

(Thermo, DXR2xi) was applied to investigate the metal oxides of each 

catalyst. The TiO2 band (520 cm-1) was used to calibrate the Raman spectra. 

All samples, including TiO2, were measured within the same range, with a 

power of 110 mW for all samples and 50 mW for TiO2. 

SO2-TPD measurements were carried out to analyze the sulfur species 

in the catalysts (Hiden Analytical, QGA). About 0.03 g of prepared samples 

were pretreated at 350 oC for 1 h under a N2 flow of 30 ml/min to eliminate 

any impurities. Following the pretreatment, the samples were cooled to 100 

oC and the temperature increased to 900 oC at a ramping rate of 10 oC/min 

under a N2 flow of 30 ml/min.  

In situ FT-IR spectra of the catalysts were obtained using an FT-IR 

spectrometer (Thermo Scientific, Nicolet 6700) with a DRIFT accessory. The 

prepared samples (0.04 g) were preheated at 350 oC for 1 h under a N2 flow of 

100 ml/min and cooled to 100 oC. The prepared samples were exposed to 

1200 ppm NH3 balanced with N2 for 1 h.  

NH3-TPD measurements were made to investigate the acid properties of 

the catalysts (BEL Japan, BEL-CAT II). First, 0.03 g of the prepared samples 
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was charged into a quartz TPD cell and pretreated at 350 oC for 1 h under a 

He flow of 50 ml/min. Subsequently, the catalysts were cooled to 100 oC and 

saturated with NH3 at 100 oC for 1 h. The physisorbed species were 

eliminated at 100 oC for 1 h under a He flow of 50 ml/min. Following the 

pretreatment, the temperature increased to 750 oC at a ramping rate of 5 

oC/min under a He flow of 30 ml/min. The amount of desorbed NH3 was 

monitored using a TCD detector. 
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2.2.3. NH3-SCR activity test 

 

The NH3-SCR reaction was carried out in a continuous flow fixed-bed 

reactor under atmospheric pressure. Each catalyst (0.1 g of VW/Ti, 0.1 g of Fe, 

and 0.2 g of VW/Ti+Fe) with 180 - 250 μm in diameter was charged into a 

tubular pyrex reactor. The reactor was preheated with a stream of nitrogen 

carrier gas (100 ml/min) at 275 °C for 1 h to achieve steady-state operation. 

The inlet concentration of the reactants was 1200 ppm NO, 1200 ppm NH3, 

600 ppm SO2 (when SO2 was used), 13% O2, 5.2% CO2, and 5% H2O 

balanced with N2. The space velocity of the inlet gas was maintained at 

120,000 h-1, which was calculated by the vanadium loading amount. The 

reaction temperature increased from 150 °C to 400 °C in increments of 50 °C 

in the absence of SO2. When SO2 was used, the reaction was carried out at 

275 °C for 10 h, after reaching steady-state without SO2 for 1 h. The NOx 

concentration of the outlet gas was analyzed using a gas detector equipped 

with an ozone generator (Thermo Scientific, 42iQHL). Fig. 2-3 shows the 

reaction system for NH3-SCR activity test. The NOx conversion and 

deactivation rate were calculated according to the following equation: 

 

 

 

 



20 

 

 

 

 

 

Catalyst

NOx analyzer

Moisture
trap

N2

CO2

O2

NO

NH3

Bypass
line

SO2

Heating 

MFC

MFC

MFC

MFC

MFC

MFC

D.I water

Syringe pump

Ammonia
trap

 

 

Fig. 2-3. Reaction system for NH3-SCR. 
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2.3. Results and discussion 

 

2.3.1. NH3-SCR activity of the catalysts 

 

NH3-SCR reactions were carried out over VW/Ti, VW/Ti+Fe, and Fe 

catalysts in the absence of SO2. Fig. 2-4 shows the NOx conversion of the 

VW/Ti, VW/Ti+Fe, and Fe catalysts from 150 oC to 400 oC. The NOx 

conversion over VW/Ti and VW/Ti+Fe catalysts gradually increased up to 

95% as the reaction temperature increased to 300 oC and was maintained from 

300 oC to 400 oC. The NOx conversions of the VW/Ti+Fe catalysts were 

slightly lower than those of the VW/Ti catalysts. The VW/Ti+Fe catalysts also 

showed similar catalytic activity. The NOx conversion of the Fe(C), Fe(P), and 

Fe(N) catalysts ranged from 5 to 30 % from 150 oC to 400 oC. Therefore, it 

can be inferred that a synergistic effect between VW/Ti and Fe in the 

VW/Ti+Fe catalysts was not observed in the NH3-SCR reaction. Instead, a 

mechanical mixing process with a porcelain mortar seemed to affect the 

vanadium-based catalyst, resulting in a slightly lower NOx conversion of the 

physically mixed VW/Ti+Fe catalysts.  

 

 

 



22 

 

N
O

x
c
o

n
v
e
r
si

o
n

 (
%

)
100

80

60

40

20

0
150 200 250 300 350 400

Temperature (oC)

VW/Ti

VW/Ti+Fe(C)

VW/Ti+Fe(P)

VW/Ti+Fe(N)

Fe(C)

Fe(P)

Fe(N)

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-4. NOx conversion of VW/Ti, Fe and VW/Ti+Fe catalysts with the 

following gas composition; NO 1200 ppm, NH3 1200 ppm, O2 13%, H2O 

5.2%, CO2 5% balanced with N2. 
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NH3-SCR reactions with SO2 were conducted over VW/Ti and 

physically mixed with VW/Ti+Fe catalysts, after reaching steady-state in the 

absence of SO2 for 1 h. Fig. 2-5 shows the catalytic performance of VW/Ti 

and VW/Ti+Fe with time on stream at 275 oC in the presence of SO2. The NOx 

conversion and deactivation rates after reacting for 10 h are summarized in 

Table 2-1. As shown in Fig. 2-5 and Table 2-1, the NOx conversion of each 

catalyst gradually decreased with time on stream during the 10-h reaction. 

According to the literature [18, 20], when SO2 and H2O are introduced 

together, ammonium sulfate species are formed during the NH3-SCR reaction 

over a vanadium-based catalyst. SO2 can be oxidized to SO3 from the 

vanadium sites, and subsequently, SO3 reacts with NH3 and H2O to generate 

ammonium sulfate ((NH4)2SO4) and ammonium bisulfate (NH4HSO4) as 

shown below [19]. Furthermore, it was reported that iron oxide (Fe2O3) helped 

to adsorb SO2 or oxidized SO3, leading to the formation of iron sulfate species 

in the following reactions [36, 37]: 

2SO2(g) + O2(g) ↔ 2SO3(g) 

SO3(g) + H2O(g) ↔ H2SO4(g) 

2NH3(g) + H2SO4(g) ↔ (NH4)2SO4(s) 

NH3(g) + H2SO4(g) ↔ NH4HSO4(s) 

FeOx(s) + SO2(g) ↔ FeSO3
*
(ads) 

FeOx(s) + SO3(g) ↔ FeSO4(s) 

FeSO3
*
(ads) + O*

(ads, or suf) ↔ FeSO4(s) 
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Fig. 2-5. NOx conversion of VW/Ti and VW/Ti+Fe catalysts during the 

reaction for 10 h at 275 oC with the following gas composition; NO 1200 ppm, 

NH3 1200 ppm, SO2 600 ppm, O2 13%, H2O 5.2%, CO2 5% balanced with N2.



25 

 

 

Table 2-1. NOx conversion, deactivation rate and sulfur contents over VW/Ti and VW/Ti+Fe catalysts after a 10 h-reaction. 

Catalysts 

NOx conversion (%) 

Deactivation 

Rate (%/hr) 

Sulfur  

contents (%)a Initial 

activity 

Activity 

after 10 h 

VW/Ti 93.7 70.0 - 2.37 1.52 

VW/Ti+Fe(C) 87.0 66.2 - 2.08 1.47 

VW/Ti+Fe(P) 84.3 72.1 - 1.22 1.38 

VW/Ti+Fe(N) 83.0 79.8 - 0.32 2.09 

 a Determined by CHNS analyses
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The VW/Ti and VW/Ti+Fe catalysts were collected for CHNS analyses 

after reacting for 10 h. The amount of sulfur deposited in the used catalysts is 

summarized in Table 2-1. This result showed that sulfate species were formed 

in all catalysts during the NH3-SCR reaction. Therefore, it can be proposed 

that the NOx conversion of all the catalysts decreased with time on stream due 

to the sulfate species. As shown in Table 2-1, the deactivation rate increased in 

the order of VW/Ti+Fe(N) (- 0.32 %/hr) < VW/Ti+Fe(P) (- 1.22 %/hr) < 

VW/Ti+Fe(C) (- 2.08 %/hr) < VW/Ti (- 2.37 %/hr). It should be noted that the 

physically mixed VW/Ti+Fe catalysts exhibited improved catalytic stability 

during a long-time reaction compared to the VW/Ti catalysts. Among the 

catalysts tested, VW/Ti+Fe(N) showed the lowest deactivation rate. However, 

the trend in the deactivation rate of the catalysts was not directly correlated 

with sulfur content, as shown in Table 2-1. Another characteristic that can be 

seen in Fig. 2-5 is that the VW/Ti+Fe(P) and VW/Ti+Fe(N) catalysts were not 

deactivated for the initial 1.5 h and 3 h, respectively. Moreover, the SCR 

activity of the VW/Ti+Fe(N) catalyst increased early in the reaction. A further 

discussion of those experiment results will be followed by the characterization 

of the catalysts in detail.
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2.3.2. Physicochemical properties of the catalysts 

 

Fig. 2-6 and Fig. 2-7 show the nitrogen adsorption-desorption isotherms 

and pore size distributions of the VW/Ti, VW/Ti+Fe, and Fe catalysts. The 

Fe(P) and Fe(N) catalysts exhibited type-IV isotherm with H2 or H3 

hysteresis loops, indicating that the mesoporous structure of iron oxide was 

successfully synthesized by precipitation and nano-replication methods. 

However, the Fe(C) catalyst did not show pore structure evidence. The surface 

area and pore volume of the various fresh and used catalysts are shown in 

Table 2-2. The surface area and pore volume of fresh Fe2O3 catalysts 

increased in the order of Fe(C) < Fe(P) < Fe(N). The trends in the textural 

properties of the physically mixed VW/Ti+Fe catalysts were well-consistent 

with those of the Fe2O3 catalysts. The surface area and pore volume of the 

used VW/Ti catalyst (58.6 m2/g and 0.26 cm3/g) decreased compared to those 

of the fresh VW/Ti catalyst (73.2 m2/g and 0.33 cm3/g). Those results were 

also observed in the physically mixed VW/Ti+Fe catalysts. Thus, it can be 

inferred that sulfate species accumulated on the surface of the catalysts during 

the NH3-SCR reaction in the presence of SO2, resulting in a decrease in the 

surface area and pore volume of the catalysts. VW/Ti+Fe(N) exhibited well-

established mesoporous structures compared to the other catalysts. The large 

pores promoted mass transfer in the presence of SO2, which had an advantage 

of suppressing the deactivation of the catalysts [38, 39].
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Fig. 2-6. Nitrogen adsorption-desorption isotherms of (a) VW/Ti and 

VW/Ti+Fe and (b) Fe catalysts.
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Table 2-2. Textural properties of fresh and used catalystsa.  

Catalysts 

Surface area (m2/g)b Pore volume (cm3/g)c 

Fresh Used Fresh Used 

VW/Ti 73.2 58.6 0.33 0.26 

VW/Ti+Fe(C) 47.3 35.3 0.27 0.24 

VW/Ti+Fe(P) 57.1 41.2 0.33 0.30 

VW/Ti+Fe(N) 83.7 68.0 0.54 0.47 

Fe(C) 6.8 ( - ) 0.05 ( - ) 

Fe(P) 37.8 ( - ) 0.34 ( - ) 

Fe(N) 120.6 ( - ) 0.50 ( - ) 

a Recollected after a 10-h reaction. 

b Calculated by BET equation. 

c BJH desorption pore volume. 



31 

 

Fig. 2-8 shows the XRD patterns of the VW/Ti, VW/Ti+Fe, and Fe 

catalysts. The VW/Ti catalyst showed XRD peaks at 2θ = 25.3o, 38.0o, 48.2o, 

and minor peaks with a low intensity corresponding to anatase TiO2 structure 

[40]. The Fe(C), Fe(P), and Fe(N) catalysts showed XRD peaks at 2θ = 33.2o, 

35.7o, 49.6o, 54.2o, 62.5o, and 64.1o, indicating that the Fe(C), Fe(P), and 

Fe(N) catalysts had identical hematite α-Fe2O3 structures [41]. The XRD 

patterns of the physically mixed VW/Ti+Fe catalysts showed diffraction 

patterns originating from both the anatase TiO2 and hematite α-Fe2O3 phases. 

Neither the VW/Ti nor VW/Ti+Fe catalysts showed the characteristic XRD 

peaks for V2O5 and WO3 species. The above results indicated that the V2O5 

and WO3 species were finely dispersed on the supports [40, 42]. 
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No structural evidence for V2O5 and WO3 species was found in t

he XRD results. Therefore, Raman spectroscopy measurements were ma

de to investigate the structural characteristics of the V2O5 and WO3 spe

cies in the prepared catalysts. Fig. 2-9 shows the Raman spectra of the

 VW/Ti and VW/Ti+Fe catalysts. As shown in Fig. 2-9(a), the VW/Ti 

catalyst showed bands at 146 cm-1 (bending vibration of O-Ti-O), 395 c

m-1 (symmetric bending vibration of O-Ti-O), 516 cm-1 (asymmetric ben

ding vibration of O-Ti-O), and 639 cm-1 (symmetric stretching vibration

 of O-Ti-O), which were attributed to the anatase TiO2 framework [43].

 The VW/Ti+Fe catalysts exhibited bands at 217 cm-1 (A1g symmetry), 

289 cm-1 (two Eg symmetry), and a broad band within the range of 13

50 - 1200 cm-1 (two magnon scattering) arising from the hematite α-Fe2

O3 framework [44]. The VW/Ti+Fe catalysts also showed the characteris

tic Raman bands for the anatase TiO2 structure, consistent with the XR

D results. As shown in Fig. 2-9(b), two Raman bands were observed in

 the regions of 940 - 900 cm-1 (stretching vibration of V-O-V) and 104

0 - 1010 cm-1 (stretching vibration of V=O), indicative of polyvanadate

 and monovanadate structures, respectively. However, the Raman band i

n the 940 - 900 cm-1 region was not clearly observed in the VW/Ti+Fe

 catalysts, indicating that the amount of polymerized vanadium species 

was reduced in the physically mixed VW/Ti+Fe catalysts.  



34 

 

800 850 900 950 1000 1050 1100

VW/Ti

VW/Ti+Fe(N)

VW/Ti+Fe(C)

VW/Ti+Fe(P)

In
te

n
si

ty
 (

a
.u

.)

Raman shift (cm-1)

(b)

 

  

925

1025

1027

1025

1021

V-O-V
V=O

 

  

200 400 600 800 1000 1200 1400

VW/Ti

VW/Ti+Fe(N)

VW/Ti+Fe(C)

VW/Ti+Fe(P)

In
te

n
si

ty
 (

a
.u

.)

Raman shift (cm-1)

Hematite  –Fe2O3Anatase TiO2 (a)

O-Ti-O

Fig. 2-9. Raman spectra of VW/Ti and VW/Ti+Fe catalysts ((a) Raman bands 

in the 50 to 1450 cm-1 region; (b) Raman bands in the 800 to 1100 cm-1 

region).



35 

 

It has been reported that polymeric vanadium species are more active t

han monomeric vanadium species in the NH3-SCR reaction [45]. Theref

ore, it can be inferred that VW/Ti with the highest degree of polymeric 

vanadium species showed slightly higher NOx conversion than the physi

cally mixed catalysts in the absence of SO2, as demonstrated in Fig. 2-

4. 
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2.3.3. Formation of sulfate species on the catalysts 

 

SO2-TPD is a powerful technique to elucidate the types and amounts of 

sulfate species. The temperatures at which SO2 is desorbed provide clues 

about the nature of the sulfate species. Therefore, SO2-TPD measurements 

were made to investigate the sulfate species of the catalysts after NH3-SCR 

reactions in the presence of SO2. Each catalyst was recollected after reactions 

for 1 h, 6 h, and 10 h. Fig. 2-10, 2-11, 2-12, and 2-13 show the SO2-TPD 

profiles of the fresh and used catalysts. The SO2-TPD profiles of all the used 

VW/Ti+Fe catalysts recollected after 10 h-reactions exhibited three peaks 

corresponding to ammonium sulfate species (NH4HSO4 and (NH4)2SO4, low-

temperature region), iron sulfate species (FeSO4 and Fe2(SO4)3, medium-

temperature region), and titanium sulfate species (Ti(SO4)2, high-temperature 

region) [46, 47]. The VW/Ti catalyst showed only two peaks at 401 oC and 

708 oC, corresponding to ammonium sulfate and titanium sulfate species, 

respectively. The sulfur contents obtained from the peak area of the SO2-TPD 

profiles are summarized in Table 2-3. All sulfate species were quantitatively 

measured using standard materials, such as commercial (NH4)2SO4 and 

Fe2(SO4)3, as reference compounds. The total sulfur contents were calculated 

as the sum of the sulfur contents from the ammonium sulfate, iron sulfate, and 

titanium sulfate species. 
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Table 2-3. Sulfur contentsa over used catalysts after a 10 h-reaction. 

 

Catalysts 

Sulfur contents  

from ammonium 

sulfate (%) 

Sulfur contents from 

iron  

sulfate (%) 

Sulfur contents from 

titanium sulfate (%) 

Total sulfur 

contents (%) 

VW/Ti 1.02 ( - ) 0.64 1.66 

VW/Ti+Fe(C) 0.93 0.13 0.48 1.55 

VW/Ti+Fe(P) 0.88 0.51 0.41 1.80 

VW/Ti+Fe(N) 0.45 1.66 0.39 2.55 

     a Determined by SO2-TPD measurements 
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As shown in the SO2-TPD profiles of the fresh VW/Ti and VW/Ti+Fe 

catalysts, a few sulfate species were observed in the fresh catalysts. The fresh 

VW/Ti catalyst exhibited one peak corresponding to Ti(SO4)2 at 712 oC 

because the anatase TiO2 in commercial vanadium-based catalysts used in our 

experiments contains sulfur [48]. Since the VW/Ti+Fe catalysts were prepared 

by mechanically mixing the VW/Ti and Fe catalysts, the peak for Ti(SO4)2 

was also observed at a similar position in the fresh VW/Ti+Fe catalysts. 

Moreover, an additional peak was observed in the medium-temperature region 

in fresh VW/Ti+Fe(C) and VW/Ti+Fe(P) catalysts. It can be inferred that a 

small amount of iron sulfate contained in commercial iron oxide was detected 

in the case of Fe(C). In addition, it was believed that Fe(P) prepared by a 

precipitation method could contain iron sulfate from the unreacted iron 

precursor, iron sulfate heptahydrates (FeSO4·7H2O). Iron nitrate nonahydrates 

(Fe(NO3)3·9H2O) was used as an iron precursor in the Fe(N) prepared by the 

nano-replication method. Accordingly, one peak corresponding to Ti(SO4)2 

was observed in the fresh VW/Ti+Fe(N) catalyst, as in the fresh VW/Ti 

catalyst. 

Guo et al. [49] claimed that a V2O5/TiO2 catalyst with low vanadium 

loading could form titanium sulfate in the presence of SO2, resulting in 

increased NOx conversion due to the increased Brønsted acid sites originating 

from titanium sulfate. According to the report, Brønsted acid sites come from 

a surface S-OH group in Ti(SO4)2 as well as a surface V-OH group. We used 

a commercial V2O5-WO3/TiO2 catalyst, in which vanadium and tungsten 

oxide loading were close to the monolayer capacity (V2O5 content of 3.5% 

and WO3 content of 4.0%), so no further SO2 adsorption on titanium oxide 
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occurred [50]. It was also confirmed by calculating the amount of Ti(SO4)2 on 

the fresh and used VW/Ti catalysts after reacting for 10 h (sulfur content of 

0.62% and 0.64%, respectively). Instead, it can be inferred that sulfate bound 

to iron oxide may increase the number of Brønsted acid sites. To confirm the 

effect of iron sulfate on catalytic performance, additional NH3-SCR 

experiments were conducted using fresh Fe and SO2-aged Fe catalysts. The 

SO2-aged Fe catalysts were obtained by flowing carrier gas (600 ppm SO2 and 

13% O2 balanced with N2) at a flow rate of 200 ml/min at 275 oC for 2 h. 

Moreover, SO2-TPD measurements were made for fresh Fe and SO2-aged Fe 

catalysts. Fig. 2-14 and Fig. 2-15 show the NOx conversion and SO2-TPD 

profiles of the fresh Fe and SO2-aged Fe catalysts, respectively. As shown in 

Fig. 2-14, the NOx conversion of SO2-aged Fe(C) did not show any significant 

difference compared to that of fresh Fe(C). In contrast, the catalytic activity of 

SO2-aged Fe(N) increased significantly compared to that of fresh Fe(N) 

because the iron sulfate produced by SO2 aging contributed to the NH3-SCR 

reaction. As shown in Fig. 2-15, the amount of iron sulfate formed on SO2-

aged Fe(N) (sulfur content of 1.27 wt%) was much greater than that of the 

iron sulfate formed on SO2-aged Fe(C) (sulfur content of 0.09 wt%).  



 

44 

 

N
O

x
c
o

n
v
e
r
si

o
n

 (
%

)
60

30

20

10

0
150 200 250 300 350 400

Temperature (oC)

Fresh Fe(C)

Fresh Fe(N)

SO2-aged Fe(C)

SO2-aged Fe(N)

 

 

 

 

 

 

 

50

40

Fig. 2-14. NOx conversion of fresh Fe and SO2-aged Fe catalysts.
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Fig. 2-15. SO2-TPD profile of fresh Fe and SO2-aged Fe catalysts. 
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In situ FT-IR spectroscopy and NH3-TPD measurements were made to 

investigate the acid properties of the catalysts. Fig. 2-16 shows the in situ FT-

IR spectra of the fresh Fe and SO2-aged Fe catalysts. SO2-aged Fe(N) and 

SO2-aged Fe(C) exhibited IR bands corresponding to Brønsted acid sites 

(1440 cm-1) and Lewis acid sites (1610 cm-1 and 1265 cm-1) [51]. Fresh Fe(N) 

and Fe(C) did not show any clear peaks for adsorbed NH3. Therefore, it can 

be inferred from the in situ FT-IR results that acid sites were newly formed on 

Fe2O3 during SO2 aging. Subsequently, NH3-TPD experiments were carried 

out for quantitative calculation for the number of acid sites [51, 52]. Fig. 2-17 

shows the NH3-TPD profiles of the SO2-aged Fe(C) and SO2-aged Fe(N) 

catalysts. It was considered that TCD signals detected above 500 oC could be 

ascribed to the adsorbed SO2 species. A TPD curve obtained without flowing 

NH3 was used as a baseline in order to detect only the NH3 signal. Three NH3 

desorption peaks appeared at around 300 oC, 360 oC, and 435 oC, which were 

assigned to NH3 desorption from the weak, medium, and strong acid sites, 

respectively. Liu et al. [53] reported that the desorption of NH3 bound to 

Brønsted acid sites occurred above 350 oC. Thus, medium and strong acid 

sites can be designated as Brønsted acid sites, and weak acid sites can be 

designated as Lewis acid sites. As shown in Fig. 2-17, SO2-aged Fe(N) (peak 

area of 142310) possessed eight times more Brønsted acid sites than SO2-aged 

Fe(C) (peak area of 17650). Accordingly, the VW/Ti+Fe(N) catalyst, with a 

large number of adsorbed SO2, offered additional Brønsted acid sites, leading 

to higher NOx conversion during the NH3-SCR catalytic reaction in the 

presence of SO2. 
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Fig. 2-16. In situ FT-IR spectra of fresh Fe and SO2-aged Fe catalysts. 
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Fig. 2-17. NH3-TPD profile of (a) SO2-aged Fe(C) and (b) SO2-aged Fe(N) 
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The sulfur content from ammonium sulfate species increased in the 

order of VW/Ti+Fe(N) (0.45 wt%) < VW/Ti+Fe(P) (0.88 wt%) < 

VW/Ti+Fe(C) (0.93 wt%) < VW/Ti (1.02 wt%). The trend in the deactivation 

rate of the catalysts during the 10-h reaction was related to the sulfur contents 

from ammonium sulfate species. This result was consistent with the results of 

previous studies [47, 54] in the sense that NOx conversion was strongly 

affected by the deposited ammonium sulfate species. Moreover, the sulfur 

content from iron sulfate species increased in the order of VW/Ti+Fe(C) (0.13 

wt%) < VW/Ti+Fe(P) (0.51 wt%) < VW/Ti+Fe(N) (1.66 wt%). In accordance 

with the above results, the schematic mechanisms for the formation of sulfate 

species over VW/Ti+Fe catalysts are proposed in Fig. 2-18.  

It can be inferred that the formation of ammonium sulfate species can 

be suppressed by the adjacent Fe2O3 through two possible routes. Firstly, SO2 

can be adsorbed directly to iron oxide instead of vanadium oxide. The other 

possible route is that oxidized SO3 from the vanadium sites can be adsorbed 

onto iron oxide. It was reported that ammonium sulfate species deposited on 

the pore walls blocked the pore, leading to poor diffusion of the reactant on 

the active vanadium sites of catalysts [47, 50]. However, it is believed that 

generated iron sulfate species had no effect on the deactivation of catalysts 

because those were formed by replacing the oxygen sites of iron oxide.  

It should be noted that the VW/Ti+Fe(N) catalyst, with the largest 

surface area and pore volume of Fe2O3, contained the least amount of 

ammonium sulfate species and the highest amount of iron sulfate species, as 

summarized in Table 2-3. This means that Fe(N) with high surface area 

provides sufficient adsorption sites for SO2 or oxidized SO3 from the 
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vanadium sites, resulting in the outstanding SO2 resistance and catalytic 

stability of the VW/Ti+Fe(N) catalysts. 
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Fig. 2-18. The mechanism of sulfate species formation over VW/Ti+Fe 

catalysts. 
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Chapter 3. Synergistic effect of V2O5-WO3/TiO2 

and H-ZSM-5 catalysts prepared by physical 

mixing for the selective catalytic reduction  

of NO2 with NH3  

 

 

3.1. Introduction 

 

Recently, Liquified Natural Gas (LNG) power plant has attracted much 

attention as an eco-friendly energy generation system alternative to other 

fossil fuels power plants, mainly due to its lower greenhouse gas and other air 

pollutants [55-58]. According to the International Energy Agency (IEA) report, 

it is expected that the demand and market share for the LNG power plant will 

increase gradually over the next few decades [55]. Although the amount is 

less than 20% when compared with another power plant, nitrogen oxide (NOx) 

is also generated in the LNG power plant, which contributes to various 

environmental problems [56]. To date, the selective catalytic reduction (SCR) 

is the most reliable and well-known technology for removing NOx with NH3 

[12, 13]. It has been reported that vanadium oxide-based catalysts (V2O5/TiO2 

or V2O5-WO3/TiO2) are conventional catalysts and widely used for reducing 

NOx from stationary sources with high deNOx efficiency [14, 15]. However, 

there are several problems in applying those catalysts to LNG power plants. 
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The temperature of the combustion chamber of the gas turbine reaches from 

500 oC to 600 oC, and the CO and O2 concentrations are sufficient enough to 

oxidize NO to NO2. Under such combustion chamber conditions, CO can be 

easily oxidized to CO2, and radical O and OH are produced in order. Then, the 

free radical OH initiates a chain reaction for NO oxidation, as shown in the 

following scheme [59].  

CO + O2 ↔ CO2 + O 

H2O + O ↔ 2OH 

CO + OH ↔ CO2 + H 

H + O2 + M ↔ HO2 + M 

NO + HO2 ↔ NO2 + OH 

CO + O2 + NO + H2O ↔ CO2 + NO2 + OH 

In the presence of appropriate temperature and flue gas composition, 

the ratio of NO2/NOx in flue gas is displayed above 70%. The ratio of NO to 

NO2 in the flue gas determines the NH3-SCR reaction pathway, which are 

Standard SCR, Fast SCR, and NO2 SCR [60].  

4NH3 + 4NO + O2 → 4N2 + 6H2O (when NO2/NOx < 0.5) 

2NH3 + NO + NO2 → 2N2 + 3H2O (when NO2/NOx = 0.5) 

4NH3 + 3NO2 → 3.5N2 + 6H2O (when NO2/NOx > 0.5) 

It was reported that the V2O5-WO3/TiO2 catalyst showed excellent deNOx 

efficiency under Standard SCR and Fast SCR, while the catalyst performance 
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was significantly low under NO2 SCR [61]. Therefore, the vanadium oxide-

based catalyst utilized in the LNG power plant needs to be improved for 

reducing NOx under a high ratio of NO2/NOx. 

It has been reported that zeolite catalysts such as Cu-zeolite and Fe-

zeolite have outstanding SCR performance when the NO2/NOx ratio is high 

[62-64]. However, in the case of Cu-zeolite and Fe-zeolite, catalyst 

deactivation is severely caused by SO2, which is utilized as an odorizer in 

LNG power plants. This is because SO2 reacts with the metal to form metal 

sulfate, thereby reducing the activity of the catalyst. On the other hand, 

vanadium oxide-based catalysts show very high resistance to SO2 [65, 66]. 

Accordingly, if the catalytic performance of vanadium oxide-based catalysts 

can be enhanced under a high ratio of NO2/NOx, it is expected to used for 

suitable commercial catalysts for LNG power plants. However, until now, 

only few studies discussed the activity of the vanadium oxide-based catalysts 

in the condition of a high NO2/NOx ratio. Recently, it has been reported that 

Cu-free zeolite exhibits high performance in NH3-SCR involving NO2 [67, 

68]. Kubota et al. [67] suggested that the brønsted acid sites are more active in 

NO2 reduction than the Cu-sites. However, when the zeolite is used, 

generation of a large amount of N2O at a high NO2/NOx ratio remains as a 

challenge. 

In this work, V2O5-WO3/TiO2 was physically mixed with zeolite, H-

ZSM-5. And then, V2O5-WO3/TiO2, H-ZSM-5, and physically mixed catalysts 

were applied to the NH3-SCR reaction with NOx. The physicochemical 

properties of the prepared catalysts were characterized by XRD, Raman 

spectroscopy, H2-TPR, NH3-TPD, and NO2-TPD measurements. The 
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formation of ammonium nitrate on the catalysts was determined by 

temperature-programmed desorption experiments using recollected catalysts 

after NH3-SCR with NO2. In addition, the adsorbed species during the 

reaction were examined by in situ FT-IR analyses. The synergistic effect of 

V2O5-WO3/TiO2 and zeolite on the catalytic performance in the NH3-SCR was 

then discussed.  
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3.2. Experimental  

 

3.2.1. Preparation of the catalysts 

 

The commercial V2O5-WO3/TiO2 (V2O5 content of 3.5 wt%, WO3 

content of 4.0 wt%, and anatase TiO2, Nano Corporation) catalyst was used as 

a vanadium oxide-based catalyst (denoted as VWTi). The commercial NH4-

ZSM-5 (average crystal size of 5.5 μm, Alfa Aesar) catalyst with a Si/Al2 ratio 

of 23 was calcined at 550 oC for 4 h to obtain the H-ZSM-5 form (denoted as 

ZSM-5). V2O5-WO3/TiO2 and the H-ZSM-5 were mechanically mixed in a 

porcelain mortar for 20 min and calcined at 550 oC for 4 h. The mass ratio of 

V2O5-WO3/TiO2 and zeolite (denoted as VWTi+ZSM-5) was fixed at 2:1.  
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3.2.2. Characterization of the catalysts 

 

X-ray diffraction (XRD) patterns of the catalysts were obtained with an 

XRD spectrometer (D-MAX2500-PC, Rigaku) using Cu-Kα radiation, 

operated at 50 kV and 100 mA. Raman spectrometry (DXR2xi, Thermo) was 

applied to investigate the metal oxides of each catalyst. The band of TiO2 (520 

cm-1) was used to calibrate the Raman spectra. All samples, including TiO2, 

were measured within the same range with a power of 110 mW for all samples 

and 50 mW for TiO2. H2-TPR analyses were carried out to measure the 

reducibility of metal oxides by detecting the hydrogen consumption using a 

chemisorption analyzer (BEL-CAT II, BEL Japan Inc.) apparatus. H2 

consumption was recorded with a thermal conductivity detector (TCD). Prior 

to the analysis procedure, 0.03 g of the prepared sample was charged into a 

quartz TPR cell and pretreated at 350 oC for 1 h under a He flow of 50 ml/min 

to remove any impurities. Afterward, the sample was cooled down to room 

temperature, and the temperature increased to 800 oC at a ramping rate of 10 

oC/min under a 5% H2/Ar flow. 

NH3-TPD measurements were carried out to analyze the acid properties 

of catalysts using a chemisorption analyzer equipped with a TCD detector 

(BEL-CAT II, BEL Japan Inc.). To begin, 0.03 g of the prepared sample was 

loaded on a quartz TPD cell and pretreated at 350 oC for 1 h under a He flow 

of 50 ml/min to eliminate any impurities, then cooled down to 100 oC. 

Following the pretreatment, the sample was exposed to 5% NH3/He gas at 100 

oC for 1 h, then purged under a He flow of 50 ml/min for 1 h in order to 

eliminate weakly adsorbed NH3 molecules. Afterward, the sample was heated 
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to 800 oC at a ramping rate of 10 oC/min under a He flow of 30 ml/min.  

NO2-TPD measurements were conducted to analyze the NO2 adsorption 

capacity of catalysts using a mass spectrometer (QGA, Hiden Analytical). The 

prepared sample (0.05 g) was preheated to 350 oC for 1 h under a N2 flow of 

50 ml/min and cooled to 100 oC. Following the pretreatment, the sample was 

exposed to 0.5% NO2/N2 gas at 100 oC for 1 h, then purged under a N2 flow of 

50 ml/min for 1 h. Afterward, the sample was heated to 500 oC at a ramping 

rate of 10 oC/min under a N2 flow of 50 ml/min, and the temperature was 

maintained at 500 oC for 30 min. 

Temperature-programmed desorption experiments were carried out to 

analyze the adsorbed ammonium nitrate species (NH4NO3) in the catalysts 

using a mass spectrometer (QGA, Hiden Analytical) by detecting nitrous 

oxide (N2O). About 0.03 g of prepared samples were pretreated at 150 oC for 

1 h under a N2 flow of 50 ml/min to eliminate any impurities. Following the 

pretreatment, the temperature increased to 600 oC at a ramping rate of 10 

oC/min under a N2 flow of 50 ml/min. 

In situ FT-IR spectra of the catalysts were obtained using an FT-IR 

spectrometer (Nicolet 6700, Thermo Scientific) with a DRIFT accessory. The 

prepared sample (0.03 g) was preheated at 400 oC for 1 h under a N2 flow of 

100 ml/min and cooled to 200 oC. The prepared sample was exposed to 500 

ppm NO2, 500 ppm NH3, and 10% O2 balanced with N2 (total flow of 100 

ml/min) in order to determine the adsorbed species during NH3-SCR with 

NO2. Next, the temperature increased to 500 oC at a ramping rate of 10 oC/min 

while maintaining the same gas composition. 



 

59 

 

3.2.3. NH3-SCR activity test 

 

The NH3-SCR reaction was carried out under atmospheric pressure in a 

continuous flow fixed-bed reactor. The tubular pyrex reactor was packed with 

0.08 g of catalyst pellets between 180 and 250 μm, and it was preheated with 

a stream of nitrogen carrier gas (100 ml/min) at 200 oC for 1 h to achieve 

steady-state operation. The inlet concentration of the reactants was 500 ppm 

NO (when NO was used), 500 ppm NO2 (when NO2 was used), 500 ppm NH3, 

10% O2, and 5% H2O balanced with N2. The space velocity of the inlet gas 

was maintained at 120,000 h-1, which was calculated by the vanadium loading 

amount. The NOx concentration of the outlet gas was analyzed using a gas 

detector equipped with an ozone generator (42iQHL, Thermo Scientific). 

Fourier Transform Infrared (FT-IR) spectroscopy equipped with a gas analysis 

cell (Nicolet 6700, Thermo Scientific) was also added to measure the 

concentration of NO2, NH3, and N2O. Fig. 3-1 shows the reaction system for 

NH3-SCR activity test. The NOx conversion and N2 selectivity were calculated 

according to the following equation: 
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Fig. 3-1. Reaction system for NH3-SCR
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3.3. Results  

 

3.3.1. NH3-SCR of the catalysts with NO 

 

3.3.1.1. NH3-SCR activity of the catalysts 

 

NH3-SCR reactions with NO were carried out over VWTi, ZSM-5, and 

physically mixed catalysts. Fig. 3-2 shows the NOx conversion of the VWTi, 

ZSM-5, and VWTi+ZSM-5 catalysts from 200 oC to 500 oC. The VWTi 

catalyst exhibited a high deNOx activity of over 90% at medium temperatures 

between 300-450 oC [40]. The NOx conversion of VWTi+ZSM-5 catalyst was 

similar to that of VWTi catalyst. However, the NOx conversion of ZSM-5 

catalyst ranged from 5% to 15%, showing the low catalytic activity of ZSM-5 

for NH3-SCR with NO. From the reaction activity results of VWTi and 

VWTi+ZSM-5 catalysts, it can be confirmed that a synergistic effect between 

the two catalysts was not clearly observed. 
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Fig. 3-2. (a) NOx conversion of VWTi, ZSM-5, and VWTi+ZSM-5 catalysts 

with the following gas composition; 500 ppm NO, 500 ppm NH3, 10% O2, 

and 5% H2O balanced with N2. 
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3.3.1.2. Characterization of the catalysts 

 

Fig. 3-3 shows the XRD patterns of VWTi, ZSM-5, and VWTi+ZSM-5 

catalysts. The VWTi catalyst showed XRD peaks at 2θ = 25.3o, 38.0o, 48.2o, 

and minor peaks with a low-intensity corresponding to anatase TiO2 structure 

[40]. The ZSM-5 catalyst showed characteristic XRD peaks within a 22.5-25o 

2θ angle range, confirming the crystallinities of H-ZSM-5 [69]. The XRD 

patterns of the physically mixed VWTi+ZSM-5 catalysts showed diffraction 

patterns originating from both the anatase TiO2 and H-ZSM-5 lattice 

structures. In order to examine the change in the crystallinity of H-ZSM-5, the 

relative crystallinity of VWTi+ZSM-5 catalyst was measured using the 

intensity of the largest peak at 2θ of 23.1o. The relative crystallinity of 

VWTi+ZSM-5 catalyst is 22%, indicating that relative crystallinity of zeolite 

decreases after the mechanical mixing process. It can be seen that neither the 

VWTi nor VWTi+ZSM-5 catalysts showed the characteristic XRD peaks for 

V2O5 and WO3 species. The above results indicated that the V2O5 and WO3 

species were finely dispersed on the supports, which is consistent with the 

previous studies [40, 42]. 

 

 

 

 

 

 

 



 

64 

 

 

VWTi

Anatase TiO2

VWTi+ZSM-5

In
te

n
si

ty
 (

a
.u

.)

2 theta

30 40 50 60 70 802010

 

 

 

 

ZSM-5

[051]

[033]

[313](× 1/3)

Fig. 3-3. XRD patterns of VWTi, ZSM-5, and VWTi+ZSM-5 catalysts. 
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H2-TPR was performed to investigate the redox properties of the 

prepared catalysts. Fig. 3-4 shows the H2-TPR profiles of VWTi, ZSM-5, and 

VWTi+ZSM-5 catalysts. The reduction peak at a temperature of 

approximately 492 °C was ascribed to the coupled reduction of V5+ to V3+ and 

W6+ to W4+ in the VWTi catalyst [66, 70]. In addition, the appearance of a 

reduction peak at a high temperature around 700-800 oC is due to the 

reduction of W4+ to metallic W [66]. ZSM-5 did not exhibit any reduction 

peaks for hydrogen, which showed the reason for low NH3-SCR reactivity 

with NO. In the case of VWTi+ZSM-5, the peak positions of the V5+ to V3+ 

(498 oC) and W4+ to metallic W (757 oC) reduction remained nearly 

unchanged compared to the reduction peak positions of VWTi. From the H2-

TPR results, it can be inferred that the physical mixing process had little effect 

on the reducibility of the VWTi catalyst.  
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Fig. 3-4. H2-TPR profiles of VWTi, ZSM-5, and VWTi+ZSM-5 catalysts. 



 

67 

 

Raman spectroscopy measurements provide useful information about 

the structural characteristics of the V2O5 and WO3 species in the prepared 

catalysts. Fig. 3-5 shows the Raman spectra of the VWTi and VWTi+ZSM-5 

catalysts. As shown in Fig. 3-5(a), the Raman spectra of VWTi catalyst 

exhibited four peaks because of the anatase TiO2 framework; bending 

vibration of O-Ti-O (146 cm-1), symmetric bending vibration of O-Ti-O (395 

cm-1), asymmetric bending vibration of O-Ti-O (516 cm-1), and symmetric 

stretching vibration of O-Ti-O (639 cm-1) [43]. The VWTi+ZSM-5 catalysts 

also showed similar characteristic Raman bands positions compared to VWTi 

catalyst. As shown in Fig. 3-5(b), two Raman bands were observed due to 

stretching vibration of V-O-V (940-900 cm-1) and stretching vibration of V=O 

(1040-1010 cm-1), indicative of polymeric vanadium and monomeric 

vanadium species [45]. The Raman bands of VWTi+ZSM-5 were similar to 

those of VWTi, indicating that the vanadium oxide structures were not 

changed significantly even after the mixing of VWTi and ZSM-5. It has been 

reported that both polymeric vanadium and monomeric vanadium species are 

catalytic active sites in the NH3-SCR with NO [45, 71]. Therefore, it can be 

inferred that the chemical properties of VWTi catalyst were maintained after 

the mechanical mixing process, which is in good agreement with the H2-TPR 

results. Consequently, NOx conversion of VWTi and VWTi+ZSM-5 catalysts 

did not show any noticeable difference in the NH3-SCR with NO, as 

demonstrated in Fig. 3-2. 
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Fig. 3-5. Raman spectra of VWTi and VWTi+ZSM-5 catalysts ((a) Raman 

spectra in the 50 to 1450 cm-1 region; (b) Raman spectra in the 800 to 1100 

cm-1 region). 
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3.3.2. NH3-SCR of the catalysts with NO2 

 

3.3.2.1. NH3-SCR activity of the catalysts 

 

VWTi, ZSM-5, and physically mixed catalysts were applied to the 

NH3-SCR reaction with NO2. Fig. 3-6 shows the NOx conversion, N2 

selectivity, and N2O selectivity of the VWTi, ZSM-5, and VWTi+ZSM-5 

catalysts from 200 oC to 500 oC. VWTi catalyst exhibited very low activity at 

low temperature, but the reaction activity increased with increasing 

temperature up to 400 oC [61]. Finally, the NOx conversion tended to slightly 

decrease again at higher temperatures above 450 oC. ZSM-5 showed relatively 

better catalytic performance than VWTi at low temperature, and the reaction 

activity gradually increased as the reaction temperature increased. Then, the 

NOx conversion dropped sharply to 59% at 500 oC. In the case of physically 

mixed VWTi+ZSM-5 catalyst, it appeared that the reaction activity was lower 

than that of the ZSM-5 catalyst below 350 oC, and similar to that of the VWTi 

catalyst at high temperatures. 
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Fig. 3-6. (a) NOx conversion of VWTi, ZSM-5, and VWTi+ZSM-5 catalysts; 

(b) N2 selectivity and N2O selectivity of VWTi, ZSM-5, and VWTi+ZSM-5 

catalysts with the following gas composition; 500 ppm NO2, 500 ppm NH3, 

10% O2, and 5% H2O balanced with N2.
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As shown in Fig. 3-6(b), VWTi catalyst hardly generated N2O at all 

temperatures and showed almost 100% of N2 selectivity. However, ZSM-5 

catalyst showed high N2O selectivity at all temperatures. The N2O selectivity 

was the highest at 43% at 300 oC and decreased gradually as the temperature 

increased. The N2O selectivity of the VWTi+ZSM-5 catalyst was about half of 

that of the ZSM-5 catalyst at 250-350 oC. Interestingly, the amount of N2O of 

the VWTi+ZSM-5 catalyst was significantly reduced compared to the ZSM-5 

catalyst above 400 oC. A further discussion of those experiment results will be 

described in detail following the characterization of the catalysts. 
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3.2.2. Characterization of the catalysts 

 

NH3-TPD measurements were used to estimate the number of acid sites 

in prepared samples. Fig. 3-7 shows NH3-TPD profiles of VWTi, ZSM-5, and 

VWTi+ZSM-5 catalysts, and the amounts of NH3 desorbed from the acid sites 

of the catalysts are summarized in Table 3-1. Two NH3 desorption peaks of 

ZSM-5 catalyst appeared at around 191 oC and 389 oC, which were assigned 

to the NH3 desorption from weak and strong acid sites, respectively [72]. The 

peak for a weak acid site is attributed to the desorption of the physisorbed 

NH3 species or adsorbed NH3 species located at the non-exchangeable 

cationic site of the H-ZSM-5 framework. The peak for a strong acid site is 

attributed to the NH3 species adsorbed on the exchangeable protonic site of 

the H-ZSM-5 framework, denoted as the Brønsted acid site. It can be seen 

that the VWTi catalyst has significantly less acid sites than the zeolite catalyst. 

There is a peak for weak acid sites due to physical adsorption of NH3 at low 

temperature, and ammonia adsorbed on Brønsted and Lewis acid sites is 

mixed. Therefore, the desorption of ammonia is observed as a broad peak [73]. 

When the ZSM-5 is physically mixed with VWTi, a new peak for the 

medium-strength acid site appears at about 280 oC. The amounts of weak and 

strong acid sites of VWTi+ZSM-5 catalyst (0.25 mmol/g and 0.26 mmol/g) 

decreased compared to that of the ZSM-5 catalyst (0.55 mmol/g and 0.82 

mmol/g), as summarized in Table 3-1. Moreover, the ZSM-5 catalyst 

exhibited a very wide deconvoluted peak for strong acid sites, while the 

physically mixed VWTi+ZSM-5 catalyst exhibited a relatively narrow 

distribution and ended at a low temperature. Therefore, it can be inferred that 



 

73 

 

the acid strength of the Brønsted acid sites was weakened during the 

mechanical mixing process. As summarized in Table 3-1, it can be confirmed 

that the amount of Brønsted and total acid sites of the VWTi+ZSM-5 catalyst 

decreased compared to that of the ZSM-5 catalyst, and the trend of acid 

strength was somewhat different. 
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Table 3-1. Peak positions and amounts of desorbed ammonia obtained from NH3-TPD profiles of prepared samples. 

 

Catalyst Peak position (oC) Amount of desorbed NH3 (mmol/g) 

 
WAS MAS SAS WAS MAS SAS Total 

VWTi 178 ( - ) ( - ) 0.14 ( - ) ( - ) 0.37 

ZSM-5 179 280 378 0.25 0.13 0.26 0.64 

VWTi+ZSM-5 191 ( - ) 389 0.55 ( - ) 0.82 1.37 
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Fig. 3-7. NH3-TPD profiles of VWTi, ZSM-5, and VWTi+ZSM-5 catalysts. 
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NO2-TPD measurements were carried out to analyze the NO2 

adsorption capacity of prepared samples. Fig. 3-8 shows the NO2-TPD 

profiles of VWTi, ZSM-5, and VWTi+ZSM-5 catalysts. ZSM-5 catalyst 

exhibited two distinct peaks. The low-temperature peak was attributed to 

weakly adsorbed or physisorbed NO2, while the high-temperature peak was 

attributed to strongly adsorbed NO2 bonded to acid sites [74]. On the other 

hand, the peak corresponding to strongly adsorbed NO2 did not clearly appear 

in the VWTi and VWTi+ZSM-5 catalysts. The amount of adsorbed NO2 

increased in the order of VWTi (peak area of 34.4) < VWTi+ZSM5 (peak area 

of 57.3) < ZSM-5 (peak area of 93.9). 
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Fig. 3-8. NO2-TPD profiles of VWTi, ZSM-5, and VWTi+ZSM-5 catalysts. 
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Temperature-programmed desorption measurements were conducted in 

order to investigate the formation of ammonium nitrate by detecting N2O. 

According to the literature [67, 75], ammonium nitrate was produced and 

decomposed during the NH3-SCR reaction involving NO2, as shown in the 

following scheme. 

2NH3 + 2NO2 → N2 + NH4NO3 + H2O  

NH4NO3 → N2O + 2H2O  

It was reported that the formation of NH4NO3 occurs below 200 oC, and after 

that, NH4NO3 gradually begins to thermally decompose to N2O and H2O 

above approximately 210 oC [67]. Therefore, it is possible to measure the 

amount of NH4NO3 generated during the NH3-SCR reaction by analyzing the 

N2O. TPD profiles of desorbed N2O of the recollected catalysts after NH3-

SCR with NO2 at 200 oC are displayed in Fig. 3-9. The amount of NH4NO3 

formed during NH3-SCR with NO2 increased in the order of VWTi (0.06 

wt%) < VWTi+ZSM-5 (0.21 wt%) < ZSM-5 (1.32 wt%). It was shown that 

negligible amount of NH4NO3 was formed in the VWTi catalyst. Moreover, it 

is noticeable that the formation of NH4NO3 occurred significantly in the ZSM-

5 catalyst, and physically mixed VWTi+ZSM-5 catalyst produced much less 

NH4NO3 than the ZSM-5 catalyst. 
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Fig. 3-9. Temperature-programmed desorption of recollected catalysts. 
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In situ FT-IR analysis was performed to examine the adsorbed species on the 

catalysts during NH3-SCR reaction involving NO2, as shown in Fig. 3-10. 

DRIFT spectra of ZSM-5 catalyst exhibited a strong IR band due to 

ammonium nitrate species at 1380 cm-1 [75]. Moreover, IR bands appeared at 

1750 cm-1, 1305 cm-1, and 1180 cm-1, which can be attributed to N2O4, NO2
- 

and NO- species, respectively [67, 76]. In the DRIFT results of VWTi, unlike 

ZSM-5, the peak for N2O4 adsorption was not displayed, and instead, the peak 

for NO2 adsorption appeared at 1680 cm-1 [67]. In the case of the physically 

mixed catalyst, it can be seen that Both IR bands at 1750 cm-1 and 1680 cm-1 

appeared in the physically mixed VWTi+ZSM-5 catalysts, indicating that NO2 

as well as N2O4 was adsorbed on the VWTi+ZSM-5. In contrast to the ZSM-5 

catalyst, the intensity of the IR band for ammonium nitrate is relatively weak 

in the VWTi and VWTi+ZSM-5 catalysts, well consistent with the TPD 

results in Fig. 3-9. It can be seen that the IR bands for Brønsted acid sites 

appeared strongly in the range of 1480 cm-1 in all the catalysts, and the Lewis 

acid sites appeared at 1250 cm-1 in the VWTi and VWTi+ZSM-5 catalysts [67, 

73]. 
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Fig. 3-10. In situ FT-IR profiles of VWTi, ZSM-5, and VWTi+ZSM-5 

catalysts.  
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3.4. Discussions  

 

According to previous researches, it was reported that the ability of 

vanadium-based catalyst to remove NO in NH3-SCR reaction increased as the 

reduction peak shifted to a higher temperature in H2-TPR analysis [70, 77]. In 

addition, it is known that V-O-V form of polyvanadate has better activity than 

V=O form of monovanadate [45, 71]. Lietti et al. suggested that when various 

transition metals were used as promoters, the electronic interaction of 

vanadium was changed and the reduction peak was moved to a higher 

temperature, resulting in improved catalytic performance. Moreover, when a 

vanadium catalyst was physically mixed with iron oxide, polymeric vanadium 

species were rearranged, resulting in an increase of monomeric vanadium 

species and a decrease in catalytic activity [78]. However, in this experiment, 

it can be seen that the chemical change of vanadium did not occur 

significantly after physical mixing with zeolite, confirmed from the H2-TPR 

and Raman analysis results. As a result, the deNOx efficiency of VWTi+ZSM-

5 catalyst was not significantly different compared to that of VWTi catalyst in 

the NH3-SCR with NO [79]. The slight increase in the NOx conversion of the 

VWTi+ZSM-5 catalyst appears to be due to the weak contribution of ZSM-5 

catalyst while the deNOx ability of the VWTi catalyst remains unchanged. 

Based on the activity results in the NH3-SCR reaction with NO2, the 

ZSM-5 and physically mixed VWTi+ZSM-5 catalysts exhibited higher NOx 

conversion than the VWTi catalyst at low temperatures. It is known that NO2 

reacts with H2O to form surface nitrate and surface nitrite species, and each 

adsorbed species reacts with adsorbed NH3 through the following scheme [81, 
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82]. 

NO2 + H2O → HNO3 + HONO  

3HNO3 + 5NH3 → 4N2 + 9H2O   

HONO + NH3 → NH4NO2 → N2 + 2H2O  

3NO2 + 4NH3 → 3.5N2 + 6H2O  

From the NO2-TPD results demonstrated in Fig. 3-8, VWTi adsorbed small 

amounts of NO2 than ZSM-5 and VWTi+ZSM-5 catalysts. As a result, it was 

not possible to form a large amount of surface nitrate and surface nitrite 

required for the NO2 SCR reaction in the VWTi catalyst, leading to the low 

catalytic activity below 350 oC. On the other hand, ZSM-5 and VWTi+ZSM-5 

catalysts showed high NOx conversion at low temperatures, well consistent 

with the NO2-TPD results. 

It is noticeable that the VWTi catalyst demonstrated benign deNOx 

efficiency at high temperatures. This is because the NO2 decomposition 

occurs very actively above 400 oC and the proportion of NO in the reaction 

gas increases, as shown in the following reaction [83]. 

2NO2 → 2NO + O2  

NO produced by NO2 decomposition can be readily reduced in the VWTi 

catalyst, then, the reaction activity rapidly increased at high temperatures. It 

was found that unreacted NO2 was detected in the product, whereas NO was 

hardly detected. However, in the case of the ZSM-5 catalyst, the proportion of 

unreacted NO was displayed significantly high in the ZSM-5 catalyst above 

450 oC. It can be inferred that the catalytic activity of the ZSM-5 catalyst 
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decreased at high temperatures due to the low deNOx efficiency for Standard 

SCR, as demonstrated in Fig. 3-2. The physically mixed VWTi+ZSM-5 

catalyst also exhibited high NOx conversion above 450 oC due to the NO 

reduction ability of VWTi. 

It was observed that the formation of N2O, a by-product, was 

suppressed through physical mixing from the results of the NH3-SCR reaction 

with NO2. As described above, ammonium nitrate is formed and thermally 

decomposed through the following reaction in the ZSM-5 catalyst. 

2NH3 + 2NO2 → N2 + NH4NO3 + H2O  

NH4NO3 → N2O + 2H2O  

According to the TPD results, NH4NO3 begins to decompose at approximately 

220 °C and ends at 347 °C in the ZSM-5 catalyst. Accordingly, it can be seen 

that the high N2O selectivity of ZSM-5 catalyst at 250 oC and 300 oC is related 

with decomposition of the NH4NO3 formed during the NH3-SCR reaction 

with NO2. It can be confirmed from the TPD results that ZSM-5 (1.32 wt%) 

produced six times more NH4NO3 than VWTi+ZSM-5 (0.21 wt%). 

Considering the amount of ZSM-5 contained in the VWTi+ZSM-5, the 

amount of NH4NO3 produced in ZSM-5 was reduced by more than half. It 

was reported that NH4NO3 can be stabilized in a small pore structure, and also 

confined in a microporous environment [75, 84]. The authors suggested that 

the solvation of NH4NO3 in the small-pore structure leads to the stabilization 

of ammonium nitrate. NH4NO3 formed at a low temperature begins to exist in 

a liquid state above the melting point of 150 oC, and it is more stable in a 

narrow-pore microporous region. In order to confirm the above suggestions 
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with our experiment results, the H-ZSM-5 was mechanically ground in a 

porcelain mortar for 20 min and calcined at 550 oC for 4 h, followed by NH3-

SCR reaction experiments with NO2 and various catalyst characterizations. 

The resulting solid was denoted as ZSM-5(gr). 

The NOx conversion of the ZSM-5(gr) catalyst was similar to that of 

the ZSM-5 catalyst, but N2 selectivity was more improved, as shown in Fig. 3-

11. It is noticeable that the N2O selectivity differed the most at 250 oC and 300 

oC. It is also consistent with the TPD results in Fig. 3-12, and it can be seen 

that NH4NO3 formed in ZSM-5(gr) (0.71 wt%) is about half of the NH4NO3 

formed in ZSM-5 (1.32 wt%). NH3-TPD results, which are demonstrated in 

Fig. 3-13 and Table 3-2, indicate that the peak positions and the amounts of 

acid sites were not significantly changed during the mechanical grinding 

process. Therefore, it can be assumed that the difference in NH4NO3 

generation is not due to the acid properties of catalysts. 
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Fig. 3-11. (a) NOx conversion of ZSM-5 and ZSM-5(gr) catalysts; (b) N2 

selectivity and N2O selectivity of ZSM-5 and ZSM-5(gr) catalysts with the 

following gas composition; 500 ppm NO2, 500 ppm NH3, 10% O2, and 5% 

H2O balanced with N2. 
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Fig. 3-12. Temperature-programmed desorption of recollected catalysts. 
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Fig. 3-13. NH3-TPD profiles of ZSM-5 and ZSM-5(gr) catalysts.  
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Table 3-2. Peak positions and amounts of desorbed ammonia obtained from 

NH3-TPD profiles of prepared samples. 

 

Catalyst Peak position (oC) Amount of desorbed NH3 (mmol/g) 

 
WAS SAS WAS SAS Total 

ZSM-5 191 389 0.55 0.82 1.37 

ZSM-5(gr) 184 374 0.42 0.81 1.23 
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Combined XRD and N2 adsorption-desorption analysis (Fig. 3-14 and 

Table 3-3) indicate that there is a change in the micropore area of ZSM-5 

during the mechanical grinding process. In order to examine the change in the 

crystallinity of ZSM-5, the relative crystallinity of ZSM-5(gr) catalyst was 

measured using the intensity of the largest peak at 2θ of 23.1o [83, 84]. The 

relative crystallinity of the ZSM-5(gr) catalyst is 68%, indicating that the 

crystallinity of zeolite decreased after the mechanical grinding process. 

Moreover, micropore surface area and pore volume of ZSM-5(gr) catalyst 

(218 m2/g and 0.081 cm3/g) decreased compared to those of ZSM-5 catalyst 

(263 m2/g and 0.107 cm3/g). Those results indicate that the crystal structure of 

ZSM-5 partially collapsed during the mechanical grinding process. Therefore, 

it is considered that the decrease of NH4NO3 production in the VWTi+ZSM-5 

catalyst is due to a decrease of crystallinity, while a large amount of NH4NO3 

is stably formed in the ZSM-5 catalyst. As a result, N2O generated by 

NH4NO3 in the physically mixed VWTi+ZSM-5 catalyst was relatively small, 

as demonstrated in Fig. 3-9. Although the amount of NH4NO3 produced in 

ZSM-5 was reduced to less than half, the N2O selectivity of the VWTi+ZSM-

5 catalyst was high at 250-300 oC. The additional N2O production was formed 

by NH3 adsorbed on the Brønsted acid sites, which is abundantly supplied by 

ZSM-5, and NO2 adsorbed on Lewis acid sites of the vanadium oxide, as 

shown in the following reaction equation [81, 87]. 

V4+-O-NO2 + NH4
+ → V4+∙ + N2O + 2H2O 



 

91 

 

 

 

ZSM-5(gr)

In
te

n
si

ty
 (

a
.u

.)

2 theta

30 40 50 60 70 802010
 

 

 

 

ZSM-5

[051]

[033]

[313]

 

Fig. 3-14. XRD patterns of ZSM-5 and ZSM-5(gr) catalysts. 
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Table 3-3. Surface areas, pore volumes, and relative crystallinities of ZSM-5 

and ZSM-5(gr) catalysts. 

 

Catalyst Surface area (m2/g) Pore volume (cm3/g) 

Relative 

crystallinity  

(%) 

 Micropore Total Micropore Total  

ZSM-5 263 433 0.107 0.139 100 

ZSM-5(gr) 218 373 0.081 0.150 68 
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ZSM-5 and ZSM-5(gr) exhibited high N2O selectivity even at 

temperatures above 350 oC, as shown in Fig. 3-6 and Fig. 3-11. N2O 

selectivity in this temperature range is not due to the thermal decomposition 

of NH4NO3, but due to the N2O generation from other pathways. According to 

the literature, N2O is produced by the following reaction in the presence of 

NO2, NH3, and O2 in the ZSM-5 catalyst [67, 88, 89]. 

2NH3 + 2NO2 + O2 → 2N2O + 3H2O 

NH3-TPD results demonstrated that the VWTi+ZSM-5 catalyst exhibited a 

relatively narrow peak for Brønsted acid sites ending at a low temperature, 

which is lower than that of ZSM-5 and ZSM-5(gr). Moreover, the amount of 

strongly adsorbed NO2 species on ZSM-5 considerably decreased after the 

mechanical mixing process, as shown in the NO2-TPD results. It can be 

inferred that the acid strength of the Brønsted acid sites of ZSM-5 decreased 

during the physical mixing process with VWTi, leading to the decrease of 

N2O generation at a high temperature. Accordingly, the generation of N2O 

might decrease in a physically mixed VWTi+ZSM-5 catalyst at a high 

temperature above 350 oC. 
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Fig. 3-15. NOx conversion of VWTi, ZSM-5, and VWTi+ZSM-5 catalysts at 

250 oC in the presence of SO2 with the following gas compositions; (a) 500 

ppm NO, 500 ppm NH3, 100 ppm SO2, 10% O2, and 5% H2O balanced with 

N2; (b) 500 ppm NO2, 500 ppm NH3, 100 ppm SO2, 10% O2, and 5% H2O 

balanced with N2. 
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Table 3-4. Surface areas, pore volumes, and relative crystallinities of ZSM-5 and ZSM-5(gr) catalysts. 

Catalysts 
NOx conversion (%) 

- Standard SCR 

NOx conversion (%) 

- NO2 SCR 
Deactivation rate (%/h) 

 

Initial  

activity 

Activity  

after 10 h 

Initial  

activity 

Activity  

after 10 h 
Standard SCR NO2 SCR 

VWTi 65.8 59.6 32.4 26.9 - 0.62 - 0.55 

VWTi+ZSM-5 68.7 65.6 61.4 57.8 - 0.31 - 0.36 

ZSM-5 4.9 4.4 71.1 69.6 - 0.05 - 0.15 
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Generally, the SO2 involved in the emission gas from stationary source 

should be considered in developing SCR catalysts. Therefore, NH3-SCR 

reactions in the presence of SO2 were carried out over VWTi, ZSM-5, and 

VWTi+ZSM-5 catalysts, after reaching steady-state without SO2 for 1 h. Fig. 

3-15 shows the catalytic activity of prepared samples with time on stream at 

250 oC in the presence of SO2, and the NOx conversion and deactivation rates 

for 10 h are summarized in Table 3-4. As shown in Fig. 3-15 and Table 3-4, 

the NOx conversion of each catalyst gradually decreased with time on stream 

during the 10-h reaction. Although the ZSM-5 catalyst is hardly deactivated 

by SO2, the NOx conversion of VWTi is slightly deactivated during SO2 aging. 

It was reported that ammonium sulfate species are formed during the NH3-

SCR reaction over a vanadium-based catalyst in the presence of SO2 and H2O 

[15, 60]. Subsequently, such ammonium sulfate deposits physically block the 

pore structure, leading to poor diffusion of the reactant on the active sites of 

the SCR catalysts. As shown in Table 3-4, the deactivation rate increased in 

the order of ZSM-5 (- 0.05 %/h) < VWTi+ZSM-5 (- 0.31 %/h) < VWTi (- 

0.62 %/h) in Standard SCR and ZSM-5 (- 0.15 %/h) < VWTi+ZSM-5 (- 

0.36 %/h) < VWTi (- 0.55 %/h) in NO2 SCR. It should be noted that the 

physically mixed VWTi+ZSM-5 catalyst showed enhanced catalytic stability 

during a long-time reaction compared to the VWTi catalyst. The previous 

report has suggested that physically mixed zeolite can trap the ammonium 

sulfate species from the VWTi [78]. In the case of physically mixed 

VWTi+ZSM-5, the ammonium sulfate species generated during the NH3-SCR 

reaction did not remain on VWTi. Instead, it could migrate to the adjacent H-

ZSM-5 zeolite, giving rise to improved sulfur resistance. Such high SO2 
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stability also enables the physically mixed VWTi+ZSM-5 catalyst to be 

widely utilized in after-treatment systems using sulfur-containing fuel. 
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Chapter 4. Conclusions 

 

A series of V2O5-WO3/TiO2 catalysts were prepared by mechanically 

mixing V2O5-WO3/TiO2 and Fe2O3 with different textural properties. The 

catalysts were applied to the selective catalytic reduction (SCR) of NOx with 

NH3. The degree of polymerization of V2O5 determined from Raman 

spectroscopy measurements explained the difference in NOx conversion 

between VW/Ti and VW/Ti+Fe catalysts in the absence of SO2. SO2-TPD 

measurements revealed that the formation of ammonium sulfate species was 

suppressed due to the generation of iron sulfate species from adjacent Fe2O3. 

Furthermore, it was confirmed by in situ FT-IR and NH3-TPD results that iron 

sulfate could assist the NH3-SCR reaction by offering additional Brønsted 

acid sites. The mechanical mixture of V2O5-WO3/TiO2 and Fe2O3, with the 

highest surface area and pore volume, exhibited excellent SO2 resistance. In 

summary, Fe2O3 inhibited the formation of ammonium sulfate, thereby 

lowering the deactivation of catalysts and maintaining the catalytic activity for 

a long-term reaction period. Consequently, Fe2O3 played an important role in 

enhancing the SO2 resistance and stability of catalysts for the NH3-SCR 

reaction in the presence of SO2. 

Physically mixed VWTi+ZSM-5 catalysts were prepared and applied to 

the selective catalytic reduction (SCR) of NOx with NH3. Combined H2-TPR 

and Raman spectroscopy results indicated that the reducibility of VWTi did 

not significantly change even after physical mixing with zeolite. Therefore, 

VWTi and VWTi+ZSM-5 catalysts showed similar catalytic activity in the 

Standard SCR. NO2-TPD results indicated that the amount of NO2 adsorbed 
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on the VWTi+ZSM-5 was much higher than that on the VWTi. Accordingly, 

the VWTi+ZSM-5 catalyst exhibited higher deNOx efficiency than VWTi 

catalyst in the NO2 SCR. XRD and N2 adsorption-desorption results indicated 

that the crystallinity of ZSM-5 is lowered after mechanical mixing. It 

appeared that the amount of NH4NO3 formed in the VWTi+ZSM-5 decreased 

due to the decrease of NH4NO3 stability, based on the TPD result. In addition, 

as the strength of Brønsted acid sites in ZSM-5 were weakened during the 

physical mixing process, the N2O generation was suppressed and the N2 

selectivity increased in the VWTi-ZSM-5 catalysts at high temperature. As a 

result, the VWTi+ZSM-5 catalyst produced less N2O than the ZSM-5 catalyst. 

In summary, physically mixed VWTi+ZSM-5 catalysts demonstrated the 

outstanding catalytic performance in the SCR of NO and NO2 with NH3. 
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초    록 

 

다양한 종류의 발전소에서는 경제 발전과 인구 증가로 인한 

에너지 소비 증가에 대응하여 화석 연료와 액화 천연 가스를 

에너지 원으로 사용하여 전기 및 열 에너지 등을 생산한다. 에너지 

생산 과정 중 부산물로 생성되는 대기 오염 물질의 배출량은 

불가피하게 증가하고 있으며, 주요 대기 오염 물질은 입자상 물질 

(PM10, PM2.5), 질소 산화물 (NOx), 황산화물 (SOx) 등이 있다. 

질소산화물은 입자상 물질의 대표적인 2차 발생 원인으로 주목 

받고 있으며 이에 따라 전반적으로 규제가 강화되고 있는 실정이다. 

암모니아를 이용한 선택적 촉매 환원은 연소 후 탈질 공정 중 

탁월한 효율성으로 인해 고정 및 이동원에서 질소 산화물을 

제거하는 데 가장 널리 사용되는 기술이다. 암모니아를 이용한 

선택적 촉매 환원에서 질소산화물은 환원제로 사용되는 

암모니아와의 촉매 반응에 의해 무독성 가스인 질소와 물로 

변환된다. 촉매 중에서도 바나듐 기반 촉매가 높은 촉매 성능과 

경제적 이점으로 인해 선택적 촉매 환원에 널리 사용되고 있다. 

그러나 바나듐 기반 촉매가 디젤 엔진 기반 선박에 적용될 때 

몇 가지 문제가 발생한다. 선박 엔진에서 나오는 연도 가스의 

온도는 300도 미만으로 일반적으로 저온 영역으로 분류된다. 저온 

운전에서 디젤 연료에 포함된 황의 산화로 인해 발생하는 이산화황 

(SO2)은 일산화질소의 선택적 촉매 환원에 대한 촉매를 비활성화 

시킨다. 이산화황은 촉매에 의해 쉽게 삼산화황으로 산화 될 수 

있으며, 삼산화황은 암모니아와 반응하여 황산 암모늄 

((NH4)2SO4) 등과 같은 부 반응물을 만들어낸다. 이들은 끈적한 

물질로 부식성이 있어서 촉매 표면에 흡착될 수 있다. 황산 암모늄 
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침전물은 촉매의 기공 구조를 차단하여 선택적 환원 촉매의 활성 

부위에서 반응물의 확산을 차단시킨다. 따라서 선박에 사용되는 

선택적 환원 촉매는 디젤 연료의 상대적으로 높은 황 함량으로 

인해 높은 공간 속도에서 우수한 이산화황 저항성과 촉매 활성을 

나타낼 필요성이 있다. 

이를 위해 기존의 V2O5-WO3/TiO2 촉매를 서로 다른 물리적 

특성을 지니는 Fe2O3와 물리적으로 혼합하여 혼합 촉매를 

제조하였다. 라만 분광법 측정에서 결정된 V2O5의 고분자화 정도를 

통해 이산화항이 없을 때 VW/Ti 및 VW/Ti+Fe 촉매 간 

질소산화물의 전환율 차이를 설명할 수 있으며, 고분자화 정도가 

혼합 과정에서 분산됨으로써 촉매 활성이 살짝 저해되는 효과를 

나타낸다. SO2-TPD 분석으로부터 인접한 Fe2O3에 의한 

황산철화물 생성으로 인해 황산 암모늄 종의 형성이 억제되었음을 

확인하였다. 또한, FT-IR 및 NH3-TPD 분석으로부터 의해 황산 

철이 추가 Brønsted 산 부위를 제공함으로써 NH3-SCR 반응을 

도와주는 기작을 확인하였다. V2O5-WO3/TiO2와 Fe2O3의 기계적 

혼합물은 표면적과 기공 부피가 가장 높았으며 우수한 SO2 

저항성을 나타냈다. 요약하면, Fe2O3는 황산 암모늄의 형성을 

억제하여 촉매의 비활성화를 낮추고 촉매 활성을 장기간 동안 

유지한다.  

또한 LNG를 주 연료로 사용하는 발전소에서 적절한 온도와 

연소 가스 조성이 존재하는 경우 배기가스에서 나타나는 NO2/NOx 

비율이 70% 이상으로 나타난다. V2O5-WO3/TiO2 촉매는 NO2 

비율이 높은 조건인 NO2 SCR에서 현저히 낮은 촉매 활성을 

나타내는 것으로 알려져 있다. 따라서 LNG 발전소에서 활용되는 

바나듐 기반 촉매는 높은 NO2/NOx 비율에서 좋은 질소산화물 
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저감 효율을 가져야 한다. 

이를 위해 물리적으로 혼합한 VWTi+ZSM-5 촉매를 

제조하였다. H2-TPR 및 라만 분광법 결과로부터 VWTi의 환원 

능력이 제올라이트와 물리적으로 혼합 된 후에도 크게 변하지 

않음을 밝혀내었다. 따라서 VWTi 및 VWTi+ZSM-5 촉매는 

NO를 환원시키는 NH3-SCR에서 유사한 촉매 활성을 나타냈다. 

NH3-SCR 반응을 통해 NO2를 환원시키는 반응에서는 ZSM-5와 

물리적 혼합 촉매가 NO2 흡착 능력이 좋고, 이에 따라 반응 활성이 

좋은 것으로 나타났다. 또한 VWTi의 루이스 산점에 흡착된 NO2와 

ZSM-5의 브뢴스테드 산점에 흡착 된 NH3가 상호 작용하여 

반응을 촉진한다. XRD 및 DRIFT 결과로부터 물리적 혼합 이후 

ZSM-5의 결정도가 낮아지며, TPD 실험 결과로부터 

VWTi+ZSM-5에서 NH4NO3 안정성의 감소로 인해 생성 반응이 

억제되는 것으로 나타났다. 또한 물리적 혼합 과정에서 ZSM-5의 

브뢴스테드 산 점의 산 세기가 약해져 고온에서의 N2O 발생이 

억제되고 N2 선택도가 증가하는 것을 확인할 수 있다. 요약하면, 

물리적 혼합 촉매는 NO, NO2의 선택적 촉매 환원 반응에서 매우 

좋은 촉매적 활성을 나타낸다. 

 

주요어: 선택적 촉매 환원, 물리적 혼합, 바나듐-텅스텐 티타니아 

촉매, 아이언 옥사이드 촉매, 제올라이트 촉매 
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