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ABSTRACT 

Non-thermal plasma catalyst systems have been used for environmental control, 

including abatement of VOC and NOx removal at atmospheric pressure because of their 

hazardous impact on the environment and human health. This dissertation investigates non-

thermal corona plasma generated in a honeycomb monolith catalyst for VOC decomposition 

and rotational gliding arc plasma produced for NOx reduction from the diesel exhaust gas. The 

general aim of the research is developing non-thermal air plasma catalyst systems to improve 

the removal efficiency of VOC and NOx via investigating the effects of several input 

parameters, processes, and experimental conditions.  

In the case of VOC decomposition, the effective removal of acetaldehyde by 

humidified air plasma was investigated with a high throughput of contaminated gas in a 

sandwiched honeycomb catalyst reactor at surrounding ambient temperature. Here, 

acetaldehyde at the level of a few ppm was successfully oxidized by the honeycomb plasma 

discharge despite the harsh condition of large water content in the feed gas. The conversion 

rate of acetaldehyde increased significantly with the presence of catalysts coating on the 

surface channels. The increased conversion rate was also obtained with a high specific energy 

input (SEI) and total flow rate. Interestingly, the conversion changed negligibly under the 

acetaldehyde concentration range from 5 to 20 ppm. However, the conversion rate decreased 

toward increased water amount in the feed gas. Notably, about 60% of acetaldehyde in the 

feed was oxidized under SEI of 40 J/L at water amounts ≤ 2.5%, approximately 0.5 g/kWh for 

acetaldehyde removal. Also, the plasma-catalyst reaction was superior to the thermal reactive 

catalyst for acetaldehyde removal in airborne pollutants. In comparison with other plasma-

catalyst sources for acetaldehyde removal, the energy efficiency under the condition is 

comparable. Moreover, the honeycomb plasma discharge features high throughput, avoiding 
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pressure drop, and straightforward reactor configuration, suggesting potential practical 

applications. 

The removal of NOx over Ag/γ-Al2O3 catalyst coupled with gliding arc plasma at low 

temperatures is demonstrated. Specifically, n-heptane (the reducing agent) was pretreated by 

exposure to gliding arc plasma (the outlet gas temperature of 73.4 °C) before injecting into the 

simulated diesel exhaust gas and passing it through the catalyst zone. As a result of the plasma 

treatment, the feed gas consisted of oxygenated hydrocarbons (OHCs), which serve as 

reducing agents, instead of only n-heptane without plasma treatment. Consequently, the NOx 

removal efficiency increased substantially by approximately 10% at temperatures of [165-225 

°C], owing to the presence of the OHCs. The dependence of the NOx removal efficiency on 

typical reducing agents was examined; these results agreed with our hypothesis that aldehyde 

derivatives were more effective than the parent compound (n-heptane) for NOx removal at low 

temperatures. However, enhancement of the NOx removal efficiency after plasma pretreatment 

was not observed at high plasma discharge power. This is because NOx is formed from the air 

and a significant amount of n-heptane is completely oxidized to CO2 when the gliding arc 

plasma is operated at high power. Besides, the plasma treatment of n-heptane did not improve 

the NOx removal under high operating temperature conditions at which the catalyst itself 

exhibits high catalytic activity. This led us to surmise that boosting the effectiveness of the 

OHCs generated during plasma pretreatment would require the ratio of the exhaust gas flow 

rate to the reducing agent flow rate to be high, which is challenging to realize in laboratory-

scale experiments. This method would lower the energy consumption of the plasma stage. 
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CHAPTER 1 ‒ INTRODUCTION TO THE RESEARCH 

1.1. Background 

Reducing emissions of air pollutants such as volatile organic compounds (VOC) and 

nitrogen oxides (NOx) have been interesting and important research due to their harmful 

impact on the environment and human health. Power plants, industry, and transportation, 

which take energy by burning fossil fuels, are NOx's primary outer sources [1-3]. Moreover, 

indoor sources of VOCs, including carpet, wallpapers, furniture, and tiles [4-8], are a severe 

issue to people's health because most people spend their time at the home, office, school, etc. 

[9, 10]. Currently, diesel engines are still the primary sources of power for heavy-duty 

vehicles, marine engines, and power plants [11, 12], and the use of diesel fuel gives rise to the 

emission of NOx [12, 13]. Consequently, the manufacturers of diesel engines are under 

pressure to lower the emissions of pollutants caused by diesel to comply with standard 

requirements [13, 14]. Also, with rapidly increasing industrialization and population 

worldwide, more energy should be generated to provide for all the areas. Up to date, it is 

impossible to change all of these sources to renewable energy sources because of the limitation 

of generating renewable energy [13, 15, 16]. As a result, reducing emissions from the sources 

is a considerable problem to solve on a large scale to improve the planet's air quality.  

Various technologies have been implemented to control emissions of VOCs and NOx. 

For example, for removal of VOC, ultraviolet oxidation, biofiltration, membrane filtration, 

adsorption and absorption, thermal and catalytic oxidation [3, 17-23] are used as conventional 

methods. In the case of NOx reduction, urea-selective catalytic reduction or active lean NOx 

catalysts have been widely used [18]. In the hydrocarbon selective catalytic reduction (HC-

SCR) of NOx, diesel fuel serves as the reducing agent, and the use of another reducing agent 

such as NH3 or urea is not required [24-26]. The removal of NOx via HC-SCR is highly 

efficient in the temperature range from 250 to 350 °C [27-30]. However, its efficiency 
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decreases sharply at lower temperatures of 180–250 °C because the activity of the catalyst is 

lower in this temperature range [31]. Nevertheless, the adsorption and absorption techniques 

have some disadvantages; for example, reactivating/post-treatment and disposal of the used 

adsorbents may increase the overall cost [23, 32]. Similarly, high temperature is required for 

thermal and catalytic oxidation technologies, and the use of some catalysts in real conditions 

is limited due to the high cost of catalytic materials [23, 33]. Alternative air purification 

methods are nonthermal plasma (NTP), and NTP-assisted catalyst hybrid systems are 

considered perspective methods to increase energy efficiency [18, 22, 34, 35]. However, the 

use of the NTP system for removing NOx or VOC has some drawbacks because of the 

incomplete decomposition, low energy efficiency, production of hazardous by-products such 

as CO, NOx, and new VOCs [36].  

Among these technologies, the nonthermal plasma catalytic hybrid method is one of the 

best promising and attractive techniques for reducing emissions at atmospheric pressure and 

low temperature with low energy consumption [36-42].  

A dielectric barrier discharge (DBD) reactor is a common NTP that has been used widely 

in VOC as well as acetaldehyde removal [43, 44]. The DBD has a simple plasma system design 

and stable plasma discharge with current extinguishing on the surface of the dielectric layer 

between two electrodes. Moreover, there is a synergetic effect of plasma coupled with a 

catalyst for VOC removal [45]. As a result, a packed-bed DBD is frequently used to investigate 

VOC removal [43]. Although a packed-bed DBD successfully removes VOC, the system is 

limited to high flow rates due to high-pressure drop. An alternative approach to addressing 

this issue is the production of plasma in a honeycomb-structured catalyst [46]. Several 

configurations have been useful for the generation of honeycomb discharge, including DBD, 

corona discharge, and ignition plasma discharge, along with back corona discharge [47]; 

unfortunately, there is still a constraint on the size of the honeycomb (≤ 30 mm) [48]. Among 
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these plasma configurations, the generation of plasma in a honeycomb with a sandwich-type 

honeycomb plasma reactor is simple, capable of operating with a large honeycomb size, and 

facilitates practical applications. Indeed, the configuration consists of a honeycomb catalyst 

that is sandwiched in two parallel electrodes [49-55]. Recently, a humidified air plasma inside 

a commercial honeycomb monolith with a diameter of 93 mm and a length of 50 mm was 

successfully produced by a sandwich reactor [48]; in addition, the plasma discharge is highly 

dependent on the amount of water in the feed gas. Fortunately, this condition is similar to 

actual indoor emissions of VOCs; the water amount can be dependent on the surrounding 

ambient conditions. 

Enhancing the removal efficiency of NOx by the pretreatment of hydrocarbons (HC) 

with plasma to generate OHCs is another promising technology for practical plasma 

applications. The technical key is that OHCs would be more effective than the original HCs 

for the HC-SCR process in the low-temperature range [56, 57]. The HC flow injection could 

be adjusted to form a predetermined fraction of the diesel exhaust gases, at a few liters per 

min, suggesting that practical application would be feasible. A dielectric barrier discharge 

(DBD) features stable plasma at atmospheric pressure and a low current of a few milli-ampere 

[58]; however, a large discharge volume is required even though the flow rate is a few liters 

per min. In contrast, a small gliding arc (GA) plasma is still able to operate at a high flow rate 

and supply high current discharge (at the ampere level)[59] because the two electrodes are not 

isolated with a dielectric layer. These advantageous features of GA plasma mean that they are 

potentially useful for oxidizing HCs to form OHCs before injecting diesel exhaust gases for 

NOx removal. 

1.2. Plasma 

Plasma is referred to as the fourth state of matter and can be made on a lab-scale, in 

industry, and naturally [37, 60, 61]. Plasma can be generated by supplying a high voltage 
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electric field or thermal energy to gas or matter and creates from entirely to weakly ionized 

gas consisting of energetic electrons, reactive species, atoms, and ions. Moreover, plasma 

technology has been a promising method in various fields, such as materials processing, 

environmental control, lasers,  medicine, and energy systems [62-66]. Based on the 

temperature and density of energetic electrons and gases, plasma can be classified into several 

types, such as thermal (hot) and nonthermal (cold) plasma. In producing nonthermal plasma, 

most electric energy (>99%) can be transferred to generate energetic electrons instead of 

heating the whole gas flow. These energetic electrons can form ions, excited species, free 

radicals, and additional electrons due to electron impact ionization, dissociation, and excitation 

of gas molecules [37, 60, 65]. The possible chemical reactions in plasmas are shown in Table 

1.1. 

Table 1.1. The main chemical reactions that occur in plasmas. These data are taken from [36] 

                               Electron/molecular reactions 

Excitation e¯  +  A2 → A2
* + e¯ 

Dissociation e¯  +  A2 → 2A + e¯ 

Attachment e¯  +  A2 → A2¯ 

Dissociative attachment e¯  +  A2 → A¯ + A 

Ionization e¯  +  A2 → A2
+ + 2e¯ 

Dissociative ionization e¯  +  A2 → A+ + A + e¯ 

Recombination e¯  +  A2
+ → A2 

Detachment e¯  +  A2¯ → A2 + 2e¯ 

                                    Atomic/molecular reactions 
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Penning dissociation M + A2  → 2A + M 

Penning ionization M* + A2  → A2
* + M + e¯ 

Charge transfer A± + B → B± + A 

Ion recombination A¯ + B+ → AB 

Neutral recombination A + B + M → AB + M 

                                                Decomposition 

Electronic e¯  +  AB → A + B + e¯ 

Atomic A*  +  B2 → AB+ B 

                                                  Synthesis 

Electronic e¯  +  A → A* + e¯,     A* + B → AB 

Atomic A + B → AB 

Here, A and B are atoms, A2 and B2 are molecules, e is an electron, M is a temporary collision 

partner, + and – indicate ions with their respective charge symbols, and * indicates an excited 

or radical species. 

The temperature of energetic electrons (≤105 K) is much higher than the ion (gas) 

temperature as well as partially ionized, and the gas temperature is close to room temperature 

in non-equilibrium plasma. The gas components are fully ionized, and the temperatures of 

energetic electrons, ions, and radicals are equal in thermal and high-temperature plasma. In 

Table 1.2, the characteristics of kinds of plasmas are demonstrated [67-70].  
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Table 1.2. Characterizations of the kinds of plasma 

  
Nonthermal Plasma 
(non-equilibrium 
plasma) 

Thermal Plasma 
(local equilibrium 
plasma) 

High-temperature 
plasma (equilibrium 
plasma) 

Temperature 
Te >> Ti  
Te ≤ 105 K (≈10 eV) 
Ti ≈ Tg ≈ 300-103 K 

Te ≈ Ti ≈ Tg 

≤ 2·104 K 
Te ≈ Ti ≈ Tg 

≈106-108 K 

Ionization 
degree 
(ai) 

Weakly ionized 
(10-6 < ai < 10-1) 

Fully ionized 
(ai≈1) 

Fully ionized 
(ai≈1) 

Electron 
density <1019 m-3 ≈1021-1026 m-3 ≥1020 m-3 

Examples 
Corona, glow, arc 
discharge, and wave 
heated plasma. 

Arc plasma, plasma 
torches 

Fusion Plasmas, 
Kinetic plasmas  

Applications 
Environmental control, 
biomedicine, textile 
technology 

Welding, cutting, 
spraying 

Semiconductor 
manufacturing, melting 

Ionization degree - (ai), Electron temperature -Te,  Ion temperature -Ti, Gas temperature -Tg. 

This study used corona discharge plasma in a honeycomb monolith and gliding arc plasma for 

VOC decomposition and NOx reduction. 

1.3. The environmental problems 

1.3.1. Climate change and the greenhouse effect 

Long-term shifts in weather patterns and temperature have been referred to as climate 

change. Climate change is caused by global warming and its effects on the environment. 

Instead, the emissions of greenhouse gases from human activity, transportation, power plants 

are the main reasons for an increase in the weather temperature of the atmosphere [71-73]. 

Carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), nitrogen oxides (NO and NO2), 
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ozone (O3), and water vapor (H2O) are the main gases that lead to global warming and the 

greenhouse effect. 

1.3.2. Acid rain 

Depositions of oxides on the planet's surface by acidified rain are also known as acid 

rain. Acid rain can be harmful effects on human health, growing plants, forests, freshwater, 

soil, animals, and infrastructure. The primary acid sources are emissions of air pollutant gases 

such as nitrogen oxides (NOx) and sulfur oxides (SOx) from combustion engines of power 

plants, transportations, and industry. Reducing these emissions plays a vital role in 

environmental issues [71-73]. 

1.3.3. Ozone layer depletion and Ground-level ozone 

The ozone layer is a thin region of the stratosphere and plays a crucial role in absorbing 

most ultraviolet radiations of the sun. Ozone layer depletion leads to increased ultraviolet 

radiation entering the atmosphere and changes the earth's ecosystems [74]. Ozone (O3) is a 

colorless gas, and its formation in the troposphere (low-level of the atmosphere of the planet) 

is the most critical issue due to its hazardous impact on human health and the environment. 

VOCs and NOx emissions on sunny days can increase the formation of ground-level ozone 

because of their photochemical reaction [75]. 

1.4. Research purpose 

The overall research aim of this thesis is to develop the NTP catalyst systems for 

environmental control that increase the removal efficiency of VOC (acetaldehyde) and NOx. 

In plasma catalyst (IPC) reactor for acetaldehyde removal and a post-plasma catalyst (PPC) 

system for NOx reduction are examined. The acetaldehyde is successfully decomposed on a 

practical scale by the corona discharge in the commercial honeycomb monolith catalyst. The 

PPC reactor was implemented to enhance NOx removal efficiency over the Ag/γ-Al2O3 catalyst 

from diesel exhaust gas at low temperatures. 



20 

 

Several vital points as objectives of the thesis: 

 Investigate the influence of various input parameters and conditions, 

including the water content of the feed gas, total gas flow rate, 

absence/presence of metal on the honeycomb monolith, input energy, inlet 

concentration of acetaldehyde, and process time on the acetaldehyde 

conversion. 

 Investigate comparing the thermal process and the NTP catalyst for 

acetaldehyde conversion.  

 Investigate the generation and parameters of gliding arc plasma for reforming 

HC to OHCs. 

 Investigate the effects of reducing agents, C1/N ratio, the humidity of the feed 

gas, and input power on the NOx reduction over the Ag/γ-Al2O3 catalyst. 

1.5.  Structure of the dissertation 

The structure of this thesis is organized as follows.  

Chapter 1 presents literature overviews on environmental control and several causes 

and sources of the problems and methods that have been used for air pollution control. Thus, 

various advantages and disadvantages of conventional technologies and alternatives are 

introduced. The chapter contains a brief introduction to plasma, including classifications and 

applications and the study's objectives.  

In chapter 2, the experimental methodologies of the research are described in detail. 

Types of plasma reactors, their design, preparation of catalysts, and experimental setups used 

in this work are shown. Moreover, methods for calculations and analysis of electrical 

parameters and definitions are also reported.  

In chapter 3, the application of nonthermal plasma in honeycomb monolith catalyst 

for acetaldehyde removal is investigated. Furthermore,  the chapter consists of experimental 
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results and discussion, for instance, the dependence of several inlet parameters and conditions 

on acetaldehyde conversion. In addition, the chapter reports the plasma chemistry of 

honeycomb discharge, comparison removal of acetaldehyde in different processes, and a 

summary of the work. 

Chapter 4 reports the investigation of NOx reduction over the Ag/γ-Al2O3 catalyst by 

injection method from the diesel exhaust gas. Notably, this chapter discusses various 

properties of gliding arc plasma and the effects of gliding arc plasma in different conditions 

on NOx removal. Also, the chapter gives an analysis of the optical emission spectra of the 

gliding arc plasma and a summary of the study. 

Chapter 5 presents several vital research findings as the conclusions of the research.  
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CHAPTER 2 ‒ EXPERIMENTAL MATERIALS AND METHODS 

This chapter presents the configuration of nonthermal plasma reactors and experimental 

setups, including honeycomb corona discharge plasma reactor for VOC removal and gliding 

arc plasma reactor for removal of NOx. This chapter also describes and discusses the 

controlling methods of plasma systems, measurement, and analyzing parameters.  

2.1. Corona discharge plasma for acetaldehyde removal 

2.1.1. Configuration of IPC reactor 

Corona plasma is a kind of gas discharge that appears at atmospheric pressure because 

of the large electric field near sharp points of the electrode; hence the design and geometry of 

the electrode play a vital role in the generation of corona discharge  [36, 37, 76]. In corona 

discharge, the strength of the electric field is superior to the equivalent constant discharge at a 

similar current, and chemical bonds can be destroyed by energetic electrons and produce free 

radicals; as a result, a nonthermal chemical reaction can occur [35, 70, 77]. Corona discharges 

are a more effective technique for gas purifications and VOC removal because of the large 

discharge volume, high-energy efficiency, and low operating costs [36, 60, 62, 76, 78, 79]. 

In plasma catalyst reactor is used for acetaldehyde decomposition on a practical scale. 

The corona discharge in a honeycomb monolith is successfully generated with humidified high 

airflow at atmospheric pressure and room temperature. The configuration of the IPC reactor is 

shown in Figure 2.1. The plasma is based on AC discharge and generated in the zone created 

by two parallel stainless-steel perforated disks (168 holes; diameter hole of 3 mm; a discharge 

gap of 52 mm). The commercial honeycomb (93-mm diameter, 50-mm length, 300 cpsi) 

located inside the gap with the honeycomb touched the ground electrode. The catalyst was 

produced by Ceracomb Co., Ltd., Korea. The metal catalyst composition of the monolith was 

examined by an inductively coupled plasma atomic emission spectrophotometer (5100 ICP-

OES, Agilent, USA). The result presented that the surface of honeycomb channels consisted 
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of La, Pt, Pd, and Co with 0.03, 0.03, 0.07, and 0.10 wt.%, respectively, based on a total 

monolith weight of ~ 260g. In Figure 2.2, images of the bare honeycomb (a),  metal-coated 

honeycomb catalyst (b), and corona discharge in the honeycomb catalyst are presented. The 

image of corona discharge plasma is taken under the condition (flow rate = 60 L/min; applied 

voltage Vp-p= 55 kV; discharge power = 40 W; water content = 2.5 %). 

 

Figure 2.1. Schematic diagram of the honeycomb corona discharge reactor. 

 

 

~

Power Electrode d=2 mm

Honeycomb catalyst

Ground Electrode
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Figure 2.2. Images of (a) bare and (b) catalyst monolith and (c) corona discharge in 

honeycomb catalyst. 

2.1.2. Experimental setup  

The decomposition of acetaldehyde was investigated by a giant plasma volume of 

humidified air under surrounding ambient conditions. The humidified air plasma produced in 

a honeycomb-type monolith plasma reactor with an experimental setup is shown in Figure 2.3.  

The feed gas was a mixture of acetaldehyde with a large volume of moisture air. The flow 

rate of acetaldehyde was controlled via an N2 flow through the Erlenmeyer flask containing 

acetaldehyde, kept in a water bath at 5 °C. Individually, 7.1 ml/min N2 flow through the 

Erlenmeyer flask was introduced by a mass flow controller (AFC500, Atovac Co., Korea); 

subsequently, the mixture of N2 and acetaldehyde was diluted with another 86 ml/min N2, first-

time dilution. To obtain 5 ppm acetaldehyde, the 4 ml/min of first-time diluted acetaldehyde 

mixture was incorporated with 60 L/min humid air, the second-time dilution. 

(a) (c)

(b)
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Figure 2.3. Schematic diagram of the experimental setup. 

The humidified airflow rates were controlled by ball flowmeters (Dwyer, RMA-25-SSV, 

USA). Furthermore, the absolute humidity of water vapor was regulated by the dry-air part 

mixed with the remained humidified air. The absolute water vapor was calculated via 

temperature and relative humidity (RH); these parameters were measured by a humidity meter 

(TES Electrical Electronic Corp., TES-1370 NDIR CO2 Meter, Taiwan). In this study, the 

water amount was examined up to 3.3%, corresponding to RH 100% at 26 °C; the range is 

similar to the water level in the indoor emission. 

The contaminated air plasma was ignited and sustained by 400-Hz AC high voltage from 

a high-voltage transformer (Tae Hwa Electric Co., Korea); the primary voltage up to 300V 

was provided by a frequency converter (Sampoong Power Co., Ltd., Korea). During plasma 

discharge, electrical parameters were recorded by a digital oscilloscope (Tektronix, DPO 3034, 

USA). The oscilloscope was installed with a high voltage probe (P6015A, Tektronix, USA) 
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and a current monitor (2100, Pearson Electronics, USA) used for the measurement of applied 

high voltage and total current, respectively. Here, it should be noted that the waveforms were 

acquired with the average mode of 8 samples by the oscilloscope setting.  

The acetaldehyde, CO2, and O3 components in the gas outlet were analyzed with several 

types of equipment. Briefly, the concentration of acetaldehyde was determined by a gas 

chromatography (GC, Bruker 450-GC, USA). The O3 concentration in the gas outlet was 

indicated with gas detector tubes (No.18M Ozone, 4-400ppm, GASTEC Corp., Japan). 

Furthermore, light emission from plasma discharge was recorded with an optical emission 

spectrometer (OES, AvaSpec-2048 XL, Netherlands). The temperature of the gas outlet was 

monitored with a copper thermal sensor. The thermal sensor was located inside the reactor at 

30-mm and 10-mm distance from the center axis and ground electrode, respectively. Since the 

monolith is 93-mm in diameter, it should be mentioned that the temperature measurement is a 

representation of a positioned temperature, not the average temperature for the gas outlet. 

2.1.3. Term definition used for analyzing the result 

Plasma discharge dissipated to the honeycomb catalyst was calculated by integrating 

instantaneous voltage and current, as shown in Eq. 2.1.3.1. Furthermore, other parameters used 

for analysis, i.e., specific energy input (SEI), removal efficiency (conversion, η) of 

acetaldehyde, and an equivalent SEI, are also defined.  

Discharge Power,𝑃𝑃(𝑊𝑊) = 1
𝑇𝑇 ∫ 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑜𝑜𝑢𝑢𝑖𝑖

𝑇𝑇
0 𝑑𝑑𝑑𝑑 = 1

𝑇𝑇 ∫ 𝑉𝑉(𝑑𝑑)𝐼𝐼(𝑑𝑑) 𝑑𝑑𝑑𝑑𝑇𝑇
0                            (2.1.3.1) 

Specific Energy Input, SEI �J
L
� = 𝑃𝑃(𝑊𝑊)

𝑄𝑄 (𝐿𝐿/𝑚𝑚𝑖𝑖𝑖𝑖)  × 60                                                            (2.1.3.2) 

Removal Efficiency, η (%) = 𝑊𝑊𝑖𝑖𝑖𝑖𝑊𝑊ℎ𝑖𝑖 𝑜𝑜𝑜𝑜 𝐶𝐶2𝐻𝐻4𝑂𝑂 𝑐𝑐𝑜𝑜𝑖𝑖𝑐𝑐𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖
𝑊𝑊𝑖𝑖𝑖𝑖𝑊𝑊ℎ𝑖𝑖 𝑜𝑜𝑜𝑜 𝐶𝐶2𝐻𝐻4𝑂𝑂 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

= [1 − 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜

]𝐶𝐶2𝐻𝐻4𝑂𝑂  × 100    

(2.1.3.3) 

Energy Efficiency, EE (g/kWh) = 𝑊𝑊𝑖𝑖𝑖𝑖𝑊𝑊ℎ𝑖𝑖 𝑜𝑜𝑜𝑜 𝐶𝐶2𝐻𝐻4𝑂𝑂 𝑐𝑐𝑜𝑜𝑖𝑖𝑐𝑐𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖 (𝑊𝑊)
𝐸𝐸𝑖𝑖𝑖𝑖𝑐𝑐𝑊𝑊𝐸𝐸 𝑐𝑐𝑜𝑜𝑖𝑖𝑖𝑖𝑢𝑢𝑚𝑚𝑐𝑐𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖 (𝑘𝑘𝑊𝑊ℎ)

= 3.6× 44.05×𝐶𝐶𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜×𝜂𝜂 
24.45×𝑆𝑆𝐸𝐸𝑆𝑆

   

(2.1.3.4) 
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Where: Cinlet/outlet (ppm) is the concentration of acetaldehyde (CH3CHO) in the gas inlet/outlet; 

1mol of acetaldehyde has a weight 44.05 g; 1 mol of gas under atmosphere and at 25°C (298 

K) has a volume of 24.45 L; 3.6 is a factor to obtain g/kWh with concentration unit as ppm in 

the Eq. 2.1.3.4. The equivalent SEI of the thermal catalyst process was estimated through input 

energy for heating air from room temperature (25 °C) to the operating temperature, adopted 

from elsewhere [80]. 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑑𝑑 𝑆𝑆𝐸𝐸𝐼𝐼 �𝐽𝐽
𝐿𝐿
� = 1

24,450
�𝐶𝐶1 𝑇𝑇 + 𝐶𝐶2 𝐶𝐶3 coth �𝐶𝐶3

𝑇𝑇
� − 𝐶𝐶4 𝐶𝐶5 tanh �𝐶𝐶5

𝑇𝑇
���

𝑇𝑇1

𝑇𝑇2
           

(2.1.3.5) 

Where: T1 is 298 K (initial gas temperature, 25 °C); T2 is operating temperatures; 24,450 is a 

constant for calculating equivalent SEI based on gas volume at 25 °C, C1 = 28958, C2 = 9390, 

C3 = 3012, C4= 7580, and C5 = 1484. 

2.2. Gliding arc plasma for NOx removal 

2.2.1. Configuration of PPC reactor 

The gliding arc plasma reactor is combined with Ag/γ-Al2O3 catalyst and used for NOx 

reduction from the diesel exhaust gas at atmospheric pressure. The schematic diagram of the 

system is demonstrated in Figure 2.4(a). Gliding arc discharge can be generated by supplying 

an electric field between two diverging electrodes with the gas flow at atmospheric pressure 

and room temperature. The plasma discharge starts at the slightest gap between the electrodes, 

and the gliding arc moves with the gas stream to the broadest gap distance between the 

electrodes. Gliding arc plasma reactors can be operated by supplying AC or DC power on a 

practical scale [35, 36, 66, 81-85]. The gliding arc plasmas are considered a promising 

technology due to their low energy consumption compared with conventional methods and 

have been widely used for several applications, such as the decomposition of pollutants, 
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chemical reactions, CO2 conversion, methane reforming, and hydrogen production [36, 84, 86-

93].  

 The gliding arc plasma reactor is illustrated with dimensions in Figure 2.4(b). The 

GA reactor comprised an internal cone-shaped aluminum electrode (active length=23 mm, 

angle = 5°) connected to a high-voltage output of a transformer (Model: DKNE-18, Korea) of 

which the primary voltage was received from an AC-based power supply (SAM PONG 

POWER Co. Ltd., Korea). The stainless-steel tube (ID = 11 mm) served as the ground 

electrode. A rotating gliding arc was generated by supplying 60-Hz high voltage across the 

electrodes with tangential gas flow. 

 

Figure 2.4. Schematic diagram of PPC system (a) and schematic diagram of the gliding arc 

plasma reactor with dimensions (b). 

~
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2.2.2. Catalyst preparation 

The incipient wetness impregnation method was employed for synthesizing the catalyst 

Ag/γ-Al2O3. Specifically, 200 g of Al2O3 pellets (size: 5 × 5 mm, Product code: 620100, Sasol, 

Germany) were impregnated with AgNO3 solution (94.5 mL) containing 4.1 g of Ag. Figure 

2.5 is demonstrated the images of the γ-Al2O3 catalysts before and after impregnation with 

silver. After 2 h, the impregnated pellets were exposed to the surrounding environment. Then, 

the sample was dried and calcined in a furnace (Model: SH-FU-80STG, SH SCIENTIFIC CO., 

Ltd, Korea) using a preprogrammed sequence. During the drying process, the temperature was 

increased from 25 to 110 °C at a rate of 3°C/min and kept constant at 110 °C for 3 h; for 

calcination, the temperature was increased from 110 to 550 oC at a rate of 5°C/min and then 

calcined for 6 h at 550°C. Thus, an Ag/γ-Al2O3 catalyst containing 2.0 wt.% silver was 

prepared and used in the experiments to investigate the NOx removal. 

 

Figure 2.5. Images of the γ-Al2O3  pellet (a) before and (b) after synthesizing 2 wt % of Ag. 

2.2.3. Experimental setup  

Figure 2.6 shows a schematic diagram of the experimental setup that was used for NOx 

reduction. The plasma catalyst system consisted of a gliding arc (GA) plasma reactor, a pre-

heating system, and the Ag/γ-Al2O3 catalyst was placed in a quartz tube (inner diameter, ID = 

30 mm) in the furnace (Model: SH-FU-80STG, SH SCIENTIFIC Co., Ltd., Korea). The 

(a) (b)
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system therefore consisted of two stages: the first entailed the successful reformation of HCs 

to OHCs in the GA reactor, and the second stage involved exposure of the gas to the catalyst 

at a temperature from 150 to 350 °C to perform NOx removal. A digital oscilloscope 

(Tektronix, DPO 3034, USA) was used to record the voltage and current waveforms of the arc 

plasma. Specifically, the high voltage was measured by a passive high-voltage probe 

(Tektronix, P6015A, USA), whereas the current was determined by  

 

Figure 2.6. Schematic diagram of the experimental setup. 

measuring the voltage across the 1 kΩ resistor, which was connected in series with the GA 

reactor, by a low-voltage probe (Tektronix, TPP0101, USA). Additional details of the relevant 

electrical parameters are provided in the following sub-section. The gas mixture that was fed 

into the GA reactor consisted of 10 % O2 and 90 % N2 in all the experiments. The gas flow 

rate through the GA reactor was maintained constant at 2 L/min. In addition, n-heptane was 

injected into the inlet of the GA reactor in a vaporized form in a stream of N2, which was 

bubbled through the flask containing the liquid n-heptane maintained in a water bath at 20 °C. 

The total flow rate at the catalytic reactor was 12 L/min, including the gas flowing from the 
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outlet of the GA reactor at 2 L/min and air that contains NO flowing at 10 L/min. These two 

flows were mixed in a box, after which they were preheated by passing through a coiled 

stainless-steel tube before exposure to the catalyst. The respective flow rates of the N2 and NO 

streams were each controlled by a mass flow controller (AFC500, Atovac Co., Korea). Ball 

flow meters (Dwyer, RMA-25-SSV, USA) were used for controlling the air flow rate, with the 

amount of water in the feed gas adjusted by passing part of the air flow through a water bottle 

or silica gel beads. A gas analyzer (EN2, ecom GmbH, Germany) and Fourier-transform 

infrared spectrophotometry (FTIR-7600, Lambda Scientific, Australia) and gas 

chromatography (Bruker 450-GC, USA) were employed to determine the NOx, CO2, OHC, 

and HC concentrations, respectively. 

2.2.4. Properties of gliding arc plasma discharge 

The high voltage was delivered in two modes: in load mode, the voltage was supplied to 

the reactor to generate the gliding arc plasma, whereas in non-load mode the high-voltage 

source was not connected with the plasma reactor. As presented in Figure 2.7(a), the high-

voltage supply is sinusoidal during non-load operation. However, the voltage waveforms 

change significantly during GA plasma generation, i.e., the sinusoidal voltage waveform is 

transformed into pulsed waveforms and has numerous filaments (spikes) instead of the smooth 

line resulting from the non-load high voltage. The current corresponding to the voltage 

generated by the GA plasma is shown in Figure 2.7(b), which indicates high-intensity micro-

streamers [Figure 2.7(c)] that reach ampere levels and are superior to the current in a DBD[58] 

or honeycomb catalyst plasma discharge,[48] where the current intensities reach milli-ampere 

levels. The high current intensity of the GA plasma resulted from the low absolute impedance 

of the GA during plasma generation because of the small air gap without a dielectric layer 

between the two electrodes. Indeed, a DBD has a quartz tube as a dielectric layer,[58] whereas 

a honeycomb catalyst plasma reactor has a large electrode gap (52 mm) conjugated with the 
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honeycomb catalyst located inside the gap, which means that the impedance of the reactor is 

high.[47, 94] Because of the highly oscillating behavior of the electrical waveforms during 

GA plasma generation, the plasma discharge power was previously calculated by integrating 

the voltage and current data,[48] which does not produce a highly accurate result for the power. 

Consequently, in this study, the discharge power of the GA plasma was estimated on the basis 

of the power consumption, which was measured by a power meter and displayed on the control 

panel of the AC-based power supply. 

Regarding the temperature of GA plasma, the gas temperature at the outlet of GA was 

monitored by a ceramic thermocouple; the tip of the ceramic thermocouple located at the 

center of the ground electrode tube of GA and distance from at the end of the power electrode 

was 30 mm. The surface temperature of the outer ground electrode of the GA was also 

measured. The evolution of gas temperature was recorded at an input power of 11 W, as shown 

in Figure 2.8. The temperature was increased sharply from room temperature to 68 °C within 

the initial 20 min and then gradually increased to the stable temperature at 73.4 °C; meanwhile, 

the outer surface temperature at a steady state was obtained at 84 °C. The low temperatures of 

gas and outer surface GA reactor can be explained by the reactor being exposed to ambient air 

and without covering thermal insulators. The gas outlet of GA was through a 60-cm stainless-

steel pipe and then mixed with the remaining 10 L/min in the mixing chamber (3.5 L); the pipe 

and chamber were also exposed to ambient air. Consequently, the mixed gas temperature is 

close to room temperature, suggesting the gas temperature of GA did not affect the catalyst 

stage. Owing to a long movement time from the outlet GA to catalyst position (≥ 17.5 s), we 

supposed there are negligible effects of short/long life radicals forming during GA plasma on 

overall NOx removal efficiency.    
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Figure 2.7. Electrical waveform of gliding arc plasma at input power of 11 W (a) voltage, (b) 

current, and (c) image of discharge (total flow rate of 2 L/min with N2/O2 = 9/1; n-heptaneinlet 

= 2314 ppm). 
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2.2.5. Term definition used for analyzing the result 

The overall removal efficiency of NOx was calculated using Eq. 2.2.5.1 after measuring the 

NOx concentration of the feed gas and that at the gas outlet after the process. However, because 

additional NOx is formed during exposure of the feed gas to the GA plasma, the absolute 

amount of NOx passed to the catalyst stage increased. Consequently, the NOx removal 

efficiency in the catalyst stage is obtained using Eq. 2.2.5.2, where the NOx formation during 

the plasma stage is added. Other terms, such as the conversion of n-heptane, energy density in 

the plasma stage, and specific energy input (SEI) for the process, are defined in Eq. (2.2.5.3)-

(2.2.5.5), respectively. 

𝑁𝑁𝑁𝑁𝑥𝑥  𝑟𝑟𝐸𝐸𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝐸𝐸 𝐸𝐸𝑒𝑒𝑒𝑒𝐸𝐸𝑒𝑒𝐸𝐸𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒, 𝜂𝜂(%) = �1 −
𝐶𝐶𝑁𝑁𝑁𝑁𝑥𝑥
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝐶𝐶𝑁𝑁𝑁𝑁𝑥𝑥
𝑖𝑖𝑖𝑖 𝑓𝑓𝑜𝑜𝑜𝑜𝑓𝑓� × 100                                    (2.2.5.1) 
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Figure 2.8. Gas temperature at the outlet of gliding arc plasma (input power = 11 W, 
total flow  rate of 2 L/min with N2/O2 = 9/1; n-heptane inlet = 2314 ppm). 
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𝜂𝜂(%) 𝑒𝑒𝑟𝑟𝑟𝑟 𝑒𝑒𝐸𝐸𝑑𝑑𝐸𝐸𝐸𝐸𝑒𝑒𝑐𝑐𝑑𝑑 𝑐𝑐𝑑𝑑𝐸𝐸𝑠𝑠𝐸𝐸 = �
𝐶𝐶𝑁𝑁𝑁𝑁𝑥𝑥
𝑖𝑖𝑖𝑖 𝑓𝑓𝑜𝑜𝑜𝑜𝑓𝑓+ 𝐶𝐶𝑁𝑁𝑁𝑁𝑥𝑥 

𝐴𝐴𝐴𝐴𝐴𝐴 − 𝐶𝐶𝑁𝑁𝑁𝑁𝑥𝑥
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝐶𝐶𝑁𝑁𝑁𝑁𝑥𝑥
𝑖𝑖𝑖𝑖 𝑓𝑓𝑜𝑜𝑜𝑜𝑓𝑓+𝐶𝐶𝑁𝑁𝑁𝑁𝑥𝑥 

𝐴𝐴𝐴𝐴𝐴𝐴 �× 100                               (2.2.5.2) 

𝐶𝐶𝑟𝑟𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑐𝑐𝐸𝐸𝑟𝑟𝐸𝐸 𝑟𝑟𝑒𝑒 𝐸𝐸 − ℎ𝐸𝐸𝑒𝑒𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸(%) = �1 −
𝐶𝐶𝑖𝑖−ℎ𝑜𝑜𝑒𝑒𝑜𝑜𝑒𝑒𝑖𝑖𝑜𝑜
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝐶𝐶𝑖𝑖−ℎ𝑜𝑜𝑒𝑒𝑜𝑜𝑒𝑒𝑖𝑖𝑜𝑜
𝑖𝑖𝑖𝑖 𝑓𝑓𝑜𝑜𝑜𝑜𝑓𝑓 � × 100                               (2.2.5.3) 

Energy density for plasma stage, ED �𝐽𝐽
𝐿𝐿
� = 𝑃𝑃𝑜𝑜𝑃𝑃𝑖𝑖𝑐𝑐 𝑐𝑐𝑜𝑜𝑖𝑖𝑖𝑖𝑢𝑢𝑚𝑚𝑐𝑐𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖 (𝑊𝑊)

𝐹𝐹𝑖𝑖𝑜𝑜𝑃𝑃 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑚𝑚𝑖𝑖 (𝐿𝐿/𝑚𝑚𝑖𝑖𝑖𝑖)
× 60      (2.2.5.4) 

Specific energy input, SEI �𝐽𝐽
𝐿𝐿
� = 𝑃𝑃𝑜𝑜𝑃𝑃𝑖𝑖𝑐𝑐 𝑐𝑐𝑜𝑜𝑖𝑖𝑖𝑖𝑢𝑢𝑚𝑚𝑐𝑐𝑖𝑖𝑖𝑖𝑜𝑜𝑖𝑖 (𝑊𝑊)

𝑇𝑇𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝑖𝑖𝑜𝑜𝑃𝑃 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖 (𝐿𝐿/𝑚𝑚𝑖𝑖𝑖𝑖)
× 60                               (2.2.5.5) 

The concentration of NOx throughout the entire process was measured at the total flow rate of 

12 L/min. 
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CHAPTER 3 ‒ EFFECTIVE PRACTICAL REMOVAL OF 

ACETALDEHYDE BY A SANDWICH-TYPE PLASMA-IN-HONEYCOMB 

REACTOR UNDER SURROUNDING AMBIENT CONDITIONS 

Chapter 3 is redrafted from: 

Matyakubov Nosir et al. "Effective practical removal of acetaldehyde by a sandwich-type 

plasma-in-honeycomb reactor under surrounding ambient conditions." Journal of Hazardous 

Materials 415 (2021): 125608. 

3.1. Introduction 

This chapter focused on the removal of acetaldehyde in a honeycomb plasma reactor. 

Here, the plasma reactor was created by a commercial honeycomb catalyst located between 

two electrodes like a sandwich. The feed gas is a simulated indoor acetaldehyde emission, i.e., 

a low acetaldehyde concentration in a humidified air. The removal of acetaldehyde by the 

humidified air plasma was examined with several factors: concentration of acetaldehyde, 

humidity of feed gas, total flow rate, metal absence/presence on the monolith, input energy, 

and process time. As a result, the honeycomb plasma discharge is capable of acetaldehyde 

removal with extensive gas volume treatment at room temperature. Furthermore, the plasma 

chemistry of honeycomb discharge was also discussed in this study. 

3.2. Experimental 

The experimental setup, the configuration of corona plasma in honeycomb monolith, 

and analyzing methods of this work are discussed and presented in chapter two (2.1.1-2.1.3 

sections). 

3.3. Results and Discussion 

3.3.1. Dependence of honeycomb discharge on acetaldehyde concentration and process time 

The honeycomb discharge strongly depends on the physicochemical honeycomb surface, 

i.e., humidity, relative permittivity (dielectric constant), and conductivity [47, 48, 94]. In this 
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study, the effect of acetaldehyde on the plasma discharge was investigated under the presence 

or absence of 100 ppm acetaldehyde in the 70 L/min of humidified air (water content of 3.3 %). 

Herein, the high acetaldehyde inlet concentration was used to rapidly obtain a steady-state of 

acetaldehyde adsorption on the surface. The monolith catalyst was dried at 300 °C for 3 h to 

remove the contaminated chemicals and water; the monolith catalyst was cooled to 110 °C in 

the oven and then cooled back to room temperature inside a desiccator. The dried monolith 

catalyst was assembled into the reactor, and the humidified gas was fed through the reactor. 

The high voltage of 20 kV started power delivery to the electrodes; the discharge power and 

gas temperature were recorded during plasma discharge. The evolution of the discharge power 

and temperature with the absence/presence of acetaldehyde is shown in Figure 3.1.  

 

Figure 3.1. Effects of presence/absence of acetaldehyde on the discharge power and gas 

outlet temperature (Applied voltage =20 kV; C2H4O inlet = 100 ppm; water content = 3.3%; 

total flow rate = 70 L/min). 
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This figure demonstrated a negligible effect of acetaldehyde on the gas temperature and 

early discharge power (< 20 min). However, for process time above 20 min, the discharge 

power decreased slightly in the acetaldehyde presence. Whereas, in the absence of 

acetaldehyde, the discharge power was maintained and reached the steady-state. 

Consequently, after 60 min, the discharge power with acetaldehyde equaled 89% of the 

discharge power without acetaldehyde, meaning that the discharge power decreased by 11%. 

The phenomenon can be explained by the change of physicochemical property of honeycomb 

channel surfaces after absorbing acetaldehyde from the feed gas. To sum up, although the 

concentration of acetaldehyde was at a level of 100 ppm, the discharge power of the 

honeycomb discharge still decreased with the presence of acetaldehyde in the feed gas. The 

acetaldehyde adsorption of the monoliths was given in Figure 3.2. 

 

Figure 3.2. Comparison adsorbed acetaldehyde between the bare monolith and monolith 

catalyst under humidity of 2.5% (C2H4O inlet = 21 ppm; total flow rate = 40 L/min). 
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Effects of process time on the acetaldehyde removal were investigated in terms of SEI 

(discharge power) and acetaldehyde concentration in the gas outlet, as shown in Figure 3.3. 

The results revealed a low concentration of acetaldehyde in early time (20-min process time) 

in the gas outlet. After that, the concentration gradually increased and reached a steady-state 

at a processing time above 50 min. The adsorption of water and acetaldehyde by the monolith 

catalyst can explain both the low acetaldehyde concentration and humidity at the early time. 

As a result, the plasma process reached a steady-state after 50 min for all parameters; the 

conversion of acetaldehyde was about 39 % at these conditions. Consequently, in further 

experiments, all data were recorded when the process obtained a steady-state under these 

conditions. However, the outlet gas humidity rose rapidly within 5 min and reached the steady-

state, as shown in Figure 3.4. 

 

Figure 3.3. Evolution of the concentration of acetaldehyde and discharge power under applied 

voltage =15 kV and water amount of 2.5% (C2H4O inlet = 23 ppm; total flow rate = 40 L/min).  
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Figure 3.4. Evolution of the water amount during a honeycomb plasma discharge for removal 

of acetaldehyde (Applied voltage =15 kV; C2H4O inlet = 23ppm; total flow rate = 40 L/min).  

3.3.2. A role of metal catalyst on the acetaldehyde removal process 

Figure 3.5(a) showed the discharge power of the monolith catalyst was larger than that of 

the bare monolith under the same conditions. Precisely, at the same applied voltage, dissipated 

input energy on the monolith catalyst is superior to the bare monolith under the same other 

conditions. A high discharge power in the monolith catalyst resulted from the high intensity 

of the discharge current. Indeed, the discharge power is estimated by integrating instantaneous 

power (multiplication of voltage with the current), as given in Eq. (1). Therefore, under the 

same voltage, high intensities of current lead to high discharge power. For instance, the curves 

of voltage and discharge current under bare/catalytic monoliths are presented in Figure 3.5(b). 

This showed that the current intensities of catalyst are superior to bare, especially during 

plasma discharges (around high voltage peaks).  
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Figure 3.5. Comparison between the bare monolith and monolith catalyst on the (a) discharge 

power, (b) curve of voltage and current discharge at 25 kV, and (c) conversion of acetaldehyde 

(total flow rate = 60 L/min; water content = 2.5%; C2H4O inlet = 5 ppm).  

As a result, the discharge power of the bare monolith is 27.4 W, while it is 54.2 W for the 
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consisted of two stages in each phase of voltage (positive and negative), i.e., the capacitive 

stage and followed the discharge stage. Consequently, a larger capacitance leads to an increase 

in discharge current as well as discharge power [47, 48]. Furthermore, metals distributed on 

the surface of honeycomb channels would improve the electrical conductivity of the monolith; 

it is also a reason for increased discharge power with the monolith catalyst. 

The effect of the coated layer on the conversion of acetaldehyde was also examined and 

presented in Figure 3.5(c). This indicated that the conversion via the catalyst is superior to 

bare at the same SEIs; moreover, the conversion rate increased towards SEI for both monolith 

cases. The different conversion of acetaldehyde under bare monolith/monolith catalyst is 

described by the coated layer presence on the monolith. This suggested that there is an 

incorporated effect of the coated layer with plasma for the acetaldehyde conversion in the 

honeycomb plasma discharge. To sum up, the commercial honeycomb catalyst with the 

presence of a metal coated layer improved discharge power and increased the acetaldehyde 

conversion by the plasma-catalytic reaction. Due to an extensive range of SEI that can be 

carried out with the monolith catalyst, high removal efficiency of acetaldehyde can be obtained 

by a plasma-catalyst discharge. For instance, about 67% of acetaldehyde in the gas inlet was 

converted at SEI of 54 J/L in the case of plasma-catalyst. 

More activated sites in the honeycomb catalyst can explain the increased conversion rate 

of acetaldehyde with the honeycomb catalyst. Indeed, the conversion of acetaldehyde can 

occur in both gas phase and channel surfaces. Several possible reactions for acetaldehyde 

removal during plasma-catalyst discharge are given in R1-20; for referencing, their rate 

constants under the absence of plasma discharge at room temperature (300 K) were acquired 

from [95]. Herein, the reactions are interactions between O•, •OH, •CH3, •CHO, and CH3CHO 

molecules, due to low dissociation energy of O2, H2O, and CH3CHO (~5 eV); the phenomenon 

was supported by a negligible NOx concentration in the gas outlet with/out acetaldehyde in the 
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feed gas, due to considerable dissociation energy of N2 (~9.79 eV). Since the coated catalyst 

layer improved the adsorption of reactive species and created more catalyst active sites, 

reactive species can be absorbed, followed by the reaction on those sites [36]. As a result, 

besides acetaldehyde converted by plasma reaction in the gas phase, the plasma-catalyst active 

sites have added the conversion. 

Dissociation of gas molecules by e/M (excited species) 

CH3CHO + e/M ↔ •CH3 + •CHO + e/M  (3.78 eV)                                                      (R1) 

H2O + e/M ↔ •OH + H• + e/M  (4.46 eV)                                                      (R2) 

O2 + e/M → O(3P) + O(3P, 1D) + e/M  (5.15 eV)                                                      (R3) 

N2 + e/M → N(4S) + N(4S, 2D) + e/M  (9.79 eV)                                                      (R4) 

Possible main reactions between species for O3 generation or acetaldehyde removal  

O2 + O• + T → O3 + T  k(298 K) = 6.01E-34 [cm6/molecule2 s]              (R5) 

O3 → O• + O2  k(300 K) = 4.38E-26 [cm3/molecule s]               (R6) 

CH3CHO + O3 → HO3 + CH3CO  k(300 K) = 6.72E-29 [cm3/molecule s]               (R7) 

CH3CO + O3 → Products  k(300 K) = 4.08E-11 [cm3/molecule s]               (R8) 

CH3CO + O• → CO2 + •CH3   k(300K) = 1.60E-11 [cm3/molecule s]                (R9) 

CH3CHO + O• → CH3CO + •OH            k(300K) = 4.58E-13[cm3/molecule s]               (R10) 

CH3CHO + •OH → CH3CO + H2O            k(300K) = 1.49E-11 [cm3/molecule s]              (R11) 

•CH3 + O• → H2 + HCO                              k(298K) =4.0E-1    [cm3/molecule s]             (R12) 

•CH3 + O• → CH2O + H•  k(298K) =9.4E-11   [cm3/molecule s]                (R13) 

•CH3 + O• → CH3O•  k(300K) =2.60E-14 [cm3/molecule s]            (R14) 

•CH3 + O• → Products  k(298K) =1.26E-10 [cm3/molecule s]            (R15) 

•CH3 + •OH → Products  k(300K) =1.20E-10 [cm3/molecule s]            (R16) 

•CH3 + O3 → Products k(298K) =2.20E-12 [cm3/molecule s]            (R17) 
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HCO + O• → CO2 + H• k(300K) =4.6E-1     [cm3/molecule s]            (R18) 

HCO + •OH → CO + H2O k(296K) =1.83E-10 [cm3/molecule s]            (R19) 

HCO + O3 → CO2 + O2 + H· k(298K) =8.30E-13 [cm3/molecule s]            (R20) 

 

3.3.3. Dependence of the acetaldehyde removal on the input parameters  

3.3.3.1. Effects of flow rate on acetaldehyde removal process 

Figure 3.6(a) presented that the conversion rate of acetaldehyde increased with the total 

gas flow from 20 to 60 L/min, corresponding to gas hourly space velocity (GHSV) from 3,500 

to 10,600 h-1, at the same SEI of 25 J/L. Since the concentration of acetaldehyde was fixed at 

5 ppm in the feed during varying total flow rates, the absolute amount of acetaldehyde 

conversion significantly  
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increased toward the flow rate. Generally, when a decrease in the retention time by adjusting 

the flow rate, the conversion rate would be decreased [96]. However, in this study, the 
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Figure 3.6. (a) effects of flow rate on the removal of acetaldehyde with inlet 

acetaldehyde fixed at 5 ppm and (b) formation of O3 at SEI of 25 J/L under the absence 

of acetaldehyde (water content = 2.5 %). 
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phenomena did not occur with the retention time decreased from 0.48 to 0.16 s for a total flow 

rate of 20 and 60 L/min, respectively. A reason for explaining the result is a linear amount of 

O•/O3 generation with a total flow rate by the plasma system. To validate, the concentration 

and total amount of O3 under the same conditions without acetaldehyde in the feed were plotted 

in Figure 3.6(b). The figure demonstrated that the experimental data are in agreement with the 

supposition. Specifically, the total O3 generation increased from 0.07 to 0.16 g-O3/h toward 

the flow rate, although the concentration of O3 decreased slightly from 28 to 22 ppm under 

this condition. Furthermore, the O3 concentration in the gas outlet with 5-ppm acetaldehyde in 

the feed gas is 13 and 14 ppm with a total flow rate of 20 and 30 L/min, respectively. The 

significant O3 emission, while incomplete acetaldehyde decomposition in the gas outlet, can 

be explained by massive O2 (~205,000 ppm) in comparison to acetaldehyde (5-20 ppm) in the 

gas phase conjugated with the reaction rate of R5, which is comparable to other reactions with 

acetaldehyde as reactants (R7-20). To sum up, the conversion rate of acetaldehyde increased 

with the total flow rate.  

3.3.3.2. Effects of the humidity on acetaldehyde removal process 

Humidity has an adverse effect on the plasma for VOCs as well as acetaldehyde removal [97], 

owing to decreasing efficiency removal of VOC. Unfortunately, an indoor emission of VOC 

is a typical atmosphere that consisted of 1.5 to 3.5 % water vapor, which depends on the 

surrounding ambient conditions. However, the humidified feed gas is a critical factor for the 

plasma performance in the honeycomb discharge, i.e., poor honeycomb plasma discharge is 

solved with sufficient water vapor in the feed gas. In this study, the effect of water amount in 

the feed gas on the plasma performance for acetaldehyde removal was examined under varying 

SEI from 10 to 70 J/L. 
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Figure 3.7. Effects of water amount in the feed gas on the (a) discharge power, (b) capacitor 

and resistance under without plasma discharge (the reactor was unconnected with plasma 

power supply), and (c) removal of acetaldehyde (C2H4O inlet = 5 ppm; total flow rate = 60 

L/min). 

Figure 3.7(a) demonstrated that the discharge power, as well as SEI, increased when the 
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similar discharge power or SEI, the applied voltage requirement decreased at high humidity. 

The tendency is in agreement with that obtained by a bare monolith [48]. The increased 
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capacitance of the reactor under the high-water amount in the feed gas, as shown in Figure 

3.7(b). As seen from this figure, the massive resistance (45.5 MΩ) at 1.0% water was suddenly 

dropped to a level of 9 MΩ when the water amount reached 1.5%. Consequently, the current 

intensity increased significantly, although the applied voltage was the same. As discharge 

10 20 30 40 50 60 70
0

10

20

30

40

50

60

70

      

 
Co

nv
er

si
on

 (%
)

SEI (J/L)

Water amount
    1.8%
    2.5%
    3.3%

(c)



50 

 

power is an integration of voltage and current, as shown in Eq. 1, a high discharge power was 

obtained under a high-water amount. In another viewpoint, the plasma discharge in a 

sandwich-type honeycomb plasma discharge is like DBD discharge, which consisted of charge 

and discharge phase [47, 48]; therefore, an increase in the reactor capacitance is a result for 

high plasma discharge. Both trends of the resistance and capacitance under the water variation 

in the feed gas agreed to increased plasma discharge. 

In contrast, acetaldehyde conversion decreased towards increased water amount in the 

feed gas, as presented in Figure 3.7(c). This means that energy efficiency for acetaldehyde 

removal decreased at a high-water amount. A decrease in O3 generation at a high humidified 

air plasma can explain the decrease in acetaldehyde conversion at a higher water amount in 

the feed [48]. Another reason could be the increased input power used to dissociate water and 

oxygen species (O•, O3) reacted with water or hydroxyl radicals (•OH) under a larger water 

amount that resulted in a low acetaldehyde conversion. To sum up, humidity is an inhibitor of 

the acetaldehyde conversion in the honeycomb discharge, around 60% acetaldehyde (inlet 5 

ppm) in the humidified air (≤3.3%) can be converted under SEI of 60 J/L. 

3.3.3.3. Effects of the initial acetaldehyde concentration on acetaldehyde removal process 

The conversion rate of acetaldehyde decreased negligibly with the variation of inlet 

acetaldehyde concentration in the range of 5-20 ppm, as presented in Figure 3.8. In detail, 

under the variation of inlet concentration, the conversion rate slightly decreased from 67.4 to 

65.7% at SEI of 55 J/L and water content of 2.5%. Suggesting the removal efficiency of 

acetaldehyde is maintained by the system despite the changes in the inlet concentration. In 

other words, more acetaldehyde molecules can be destroyed by the plasma-catalyst discharge 

under these conditions. The emission of O3 during this experiment was also plotted; this 

indicated the O3 was emitted at the level of 25-30 ppm. 
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Figure 3.8. Effects of initial concentration of acetaldehyde on the conversion rate (total flow 

rate = 60 L/min; water amount =2.5%; SEI = 55 J/L). 

3.3.4. Plasma chemistry of honeycomb discharge 

OES of the honeycomb plasma discharge from the 2-mm gap, the power electrode and 

honeycomb monolith catalyst, is shown in Figure 3.9. The typical spectrum is similar to other 

humidified air plasma spectra [94], which consisted of high intensities of N2 line in C3Πu − 

B3Πg system (the second positive system of N2) and N2
+ lines with B2∑u

+ − X2∑g
+

 system (the 

first negative system of N2
+) [98]. Moreover, the NO lines from 200 to 300 nm in the A2 ∑+ → 

X2Π system (nitrogen third positive, γ system) were also not detected (inset figure). Due to 

water presence in the discharge zone, there is a potential presence of OH lines in the spectra. 

However, with the high-intensity emission of N2 background gas, the OH lines have been 

observed unclearly in the spectrum. Specifically, the OH lines at 295 and 308 nm can be 

merged with the N2 emission at 296 and 315 nm, respectively. In the case of the 390 nm OH 

line, the line can be identified due to incomplete merger with 394 nm N2 line, as presented in 
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the inset figure; as seen from this figure, the C2 band at 516 nm was also not observed, although 

5 ppm acetaldehyde was in the feed. The O3 concentration was detected at 30 ppm in the gas 

outlet; however, the O lines at 777 nm and 884 nm were also not identified in the spectrum 

[99]. Consequently, under the humid condition and atmospheric, the OES of the honeycomb 

discharge is primary emissions of N2 and N2
+ in the range of [290-460 nm]. 

 

Figure 3.9. Optical emission spectrum at 2-mm discharge gap of high-voltage electrode and 

monolith catalyst at SEI of 40 J/L (total flow rate = 60 L/min; water amount =2.5%; SEI = 40 

J/L; C2H4O inlet = 5 ppm). 

3.3.5. Comparison of acetaldehyde removal by the honeycomb plasma with other processes 

A comparison between thermal reactivated catalyst and plasma-catalyst for acetaldehyde 

removal in humid air was shown in Figure 3.10. The figure demonstrated that the energy 

consumption of plasma-catalyst was supper less than that of thermal reactivated catalyst. 
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methods can be explained by a NTP, which features electrons, ions, radicals, excited species 

(a chemical cocktail of reactive species, as presented in the OES), despite low temperatures of 

gas molecules. Fortunately, the interaction between the humidified air plasma and the surface 

of the monolith catalyst improved acetaldehyde removal at low temperatures instead of high 

temperatures in the thermal process. The required high temperature of the thermal reactivated 

catalyst is a disadvantage because the contaminated gas is close to room temperature; 

therefore, equivalent SEI is above 200 J/L to reactivate catalyst by heating the gas inlet and 

catalyst. In contrast with the plasma reactivated catalyst, it only consumed several tens of J/L 

to produce the chemical cocktails and converted acetaldehyde. In summary, the plasma-

activated catalyst for acetaldehyde removal is superior to the thermal catalytic process. 

However, the limited input power dissipated on the honeycomb monolith need to be overcome 

for completing the removal of acetaldehyde by the plasma-catalyst. 

A comparison between several plasma-catalyst systems for acetaldehyde removal is 

presented in Table 3. This indicated that almost all processes by either one stage or two stages 

of plasma with catalyst require energy consumption at a level of 100 J/L for acetaldehyde 

removal, which also validated again for the low-energy consumption by NTPs, as mentioned 

above. In comparison between the sandwich-type honeycomb plasma discharge and other 

plasma-catalyst processes, the energy efficiency by the honeycomb discharge is the lowest. 

The lowest energy efficiency can be explained by the lowest inlet concentration of 

acetaldehyde (5 ppm). It should be mentioned that high-energy consumptions would be 

required to treat a few ppm contaminated chemicals in background gases [100, 101]. Another 

reason is that high humidities in the feed gas led to a decrease in energy efficiency (section 

3.3). However, in the feed gas case, the honeycomb discharge operated under high throughput 

and humid conditions. In summary, the acetaldehyde removal by the honeycomb plasma 

discharge showed a comparable removal efficiency with other processes. The system operated 
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with the simulated indoor emission of acetaldehyde as the feed gas, suggesting its practical 

applicability for acetaldehyde removal. 

 

Figure 3.10. A Comparison between thermal catalytic activity and plasma for acetaldehyde  

conversion based SEI consumption (GHSV = 10,600 h-1; water amount =2.5%; C2H4O inlet 

= 5 ppm). 
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 Table 3.1. A comparison between several plasma-catalyst systems for acetaldehyde removal process under atmospheric pressure conditions.  

Type of reactor Catalyst 
Flow 
rate H2O GHSV

 
C2H4O 
(inlet) SEI η EE Ref.  

Plasma Configuration Materials Shape L/min % h-1 ppm J/L % (g/kWh)  

Corona Plasma alone - - N/A 0 N/A 500 210 95 14.7 [20] 

 Plasma alone - - 1 0 1340 200 380 77 2.63 
[96] 

DBD Two stages Mn−Co/HZSM-5 Powder 1 0 1340 200 380 ~96 3.3 

DBD 
Plasma alone - - 0.1 0 1270 500 300 70 7.6 

[102] 
One stage Au/TiO2/SiO2 Bead 0.1 0 1270 500 150 97 42.60 

DBD 
Plasma alone - - 0.1 0 1270 500 150 25 5.4 

[103] 
One stage Ag/TiO2/SiO2 Pellet 0.1 0 1270 500 150 97 21 

DBD 
Plasma alone - - 0.1 0 1270 500 150 55 11.9 

[101] 
One stage Ag/TiO2/SiO2 Pellet 0.1 0 1270 500 70/350/1150 33/87/98 15.3/8.1/2.8 

SHD One stage 
M/Al2O3  

(M= Co, La, Pd, 
Pt) 

Honeyco
mb 60 1.8/2.5/3.3 10192 5 40/54/66 67/67/60 0.54/0.40/0.30 

This 
work 

SHD: Sandwich-type honeycomb plasma discharge; SEI: specific energy input; η: removal efficiency; EE: energy efficiency; GHSV was calculated 
based on the volume of plasma/-catalyst discharge zone. 
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3.4. Summary  

A honeycomb plasma discharge in a sandwich-type honeycomb plasma reactor 

presented high performance of acetaldehyde removal in the simulated indoor emission of 

acetaldehyde. The result displayed that the presence of metal catalysts on the monolith surface 

is very important to obtain higher discharge power, resulting in elevated acetaldehyde 

conversion. Additionally, the increased flow rate positively affected acetaldehyde conversion 

due to the increased O•/O3 generation toward raised flow rate at constant SEI and acetaldehyde 

concentration. Moreover, the removal efficiency also strongly depended on the humidified air, 

i.e., the conversion rate of acetaldehyde decreased at higher humidification of air. However, 

the plasma-catalyst system featured at least 60% conversion of acetaldehyde in the 

contaminated gas under SEI of 60 J/L and atmospheric humidity from 1.8 to 3.3%. The 

honeycomb discharge performance of acetaldehyde removal is superior to the thermal catalyst 

process due to lesser energy consumption; it is also comparable with other plasma-catalyst 

systems.  

 

 

 

 

 

 

 

 

 



57 

 

CHAPTER 4 ‒ ENHANCING THE SELECTIVE CATALYTIC 

REDUCTION OF NOX AT LOW TEMPERATURE BY PRETREATMENT OF 

HYDROCARBONS IN A GLIDING ARC PLASMA 

Chapter 4 is redrafted from: 

Matyakubov Nosir et al. "Enhancing the Selective Catalytic Reduction of NO x at Low 

Temperature by Pretreatment of Hydrocarbons in a Gliding Arc Plasma." Industrial & 

Engineering Chemistry Research (2022). 

4.1. Introduction 

Chapter 4 focused on the pretreatment of an injected HC flow by GA plasma and its effect 

on the HC-SCR of NOx in the low-temperature range (150−350 °C). In particular, Ag/γ-Al2O3 

pellets containing 2% silver were employed for selective catalytic reduction, while n-heptane 

was used as the hydrocarbon reducing agent because n-dodecane (typical diesel fuel simulant) 

has a too low vapor pressure at room temperature to be injected by vaporizing. Ag/γ-Al2O3 is 

a promising catalyst for the selective reduction of NOx because it is composed of inexpensive 

materials. First, the catalyst for NOx removal was evaluated with several OHCs and n-heptane, 

the ratio of C1/N in the feed, and the effect of the amount of water. Afterward, the extent to 

which NOx removal was enhanced by pretreatment of the HC flow by the GA plasma and the 

mechanism thereof was examined. The results revealed that the NOx removal efficiency was 

increased significantly by pretreatment with GA plasma because the n-heptane in the feed was 

oxidized to OHCs by the plasma discharge. This was confirmed by the optical emission spectra 

of the GA plasma, which suggested the formation of radicals and excited species during the 

conversion of n-heptane to OHCs by the GA plasma. 
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4.2. Experimental 

Experimental setup, catalyst preparation, properties of gliding arc plasma, and 

analyzing methods of this work are discussed and presented in chapter two (2.2.2-2.2.5 

sections). 

4.3. Results and Discussion 

4.3.1. Performance of NOx removal over Ag/γ-Al2O3 catalyst in the low-temperature range 

This section presents the evaluation of the NOx removal performance over the Ag/γ-Al2O3 

catalyst in a low-temperature range from 165 to 330 °C. The evaluations were performed by 

assessing the dependence of the NOx removal efficiency on the various reducing agents, using 

the ratio of C1 per NOx, and the water content of the feed gas. 

 

Figure 4.1. Dependence of NOx conversion on reducing agent at different temperatures 

(GHSV=5000 h-1; NOinlet=300 ppm; C1/N = 6; water content = 1.7 %; total flow rate = 12 

L/min). 
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4.3.1.1. Dependence of NOx removal efficiency on the reducing agent 

Figure 4.1 presents the removal efficiency of NOx with OHCs (several aldehydes), n-

heptane, and hydrogen. These results indicate that the removal efficiency of NOx is 

significantly dependent on the particular chemical compound used as the reducing agent. 

Specifically, aldehyde derivatives were more effective than n-heptane (an alkane). Among the 

aldehydes examined, the removal efficiency depended on the length of the carbon chain, i.e., 

the efficiency increased in the order acetaldehyde < propionaldehyde < butyraldehyde. Three 

possible explanations could exist for this result. First, the lower vapor pressure of compounds 

with a longer carbon chain[104] enhances the adsorption of reducing agents on the surface of 

the catalyst. Second, more derivatives and radical hydrocarbons can be formed from a 

compound with a longer carbon chain, e.g., the dissociation energy of the C−C bond is known 

to decrease with a long carbon chain.[105] Third, the chemical activity of an aldehyde 

functional group attached to a longer alkyl chain is higher. The temperature dependence of the 

NOx removal efficiency in the presence of aldehydes or n-heptane was the opposite to that of 

H2. Specifically, the removal efficiency of NOx increased with temperature for the 

oxygenated/- hydrocarbons, whereas it decreased in the case of H2. This suggests that 

hydrogen is a promising reducing agent for NOx at low temperature, at an effective catalyst 

temperature of approximately 100 °C.[106, 107] 

4.3.1.2. Effect of the C1/N ratio on the removal efficiency of NOx 

In the redox reaction between NO and CnH2n+2 (alkane) to form N2 and CO2, the 

stoichiometric ratio of C1/N is 1/3; for instance, the redox reaction between NO and n-heptane 

is given in (R1).  

42 NO + 2 C7H16 = 21 N2 + 14 CO2 + 16 H2O                                     (R1) 

Unfortunately, to ensure high removal efficiency, the C1/N ratio used in the HC-SCR of NOx 

is always higher than the coefficient ratio.[108, 109] In this study, the dependence of the 
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removal efficiency on the C1/N ratio was examined by varying the ratio from 4 to 20 at a 

catalyst operating temperature of 252 °C using n-heptane as the reducing agent; the result is 

shown in Figure 4.2. As seen in the figure, the removal efficiency increased sharply as the 

C1/N ratio changed from 4 to 9, followed by a more gradual increase as the ratio further 

increased to 15. The removal efficiency subsequently stabilized at ratios from 15 to 20. The 

dependence of the removal efficiency of NOx on the C1/N ratio can be understood by 

considering that a higher ratio means an increased concentration of reducing agents, with more 

reducing agent in the feed gas enhancing the probability of interaction between NO and the 

reducing agents on the catalyst. Considering the removal efficiency with n-heptane 

consumption, we selected a C1/N ratio equal to 9 for further experiments. 

 

Figure 4.2. Effect of C1/N ratio on the NOx conversion under n-heptane as the reducing agent 

at 252°C (GHSV=5000 h-1; NOinlet=300 ppm; water content = 1.7 %; total flow rate = 12 

L/min). 
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4.3.1.3. Effect of water content on the removal efficiency of NOx 

Diesel exhaust gas, a product of the combustion of diesel fuel, has water as its main 

component ranging from 2% to 10%(v/v) [110]. This section presents our examination of the 

effect of the amount of water (from 1.7 to 3.5 %) on the removal efficiency of NOx at 252 °C, 

as shown in Figure 4.3. These results indicate that the removal efficiency decreases with 

increasing the water content of the feed gas. This could be explained by considering the lower 

probability of interaction between NOx and the reducing agent at activated catalyst sites, which 

would be occupied by the H2O molecules in the feed gas with high concentrations of H2O; 

indeed, the water concentration is at a level of ten thousand ppm, whereas the concentrations 

of the chemical reactants (NOx, OHCs, HCs, and radicals) are much less. This result is in 

agreement with previous results where the presence of water was also found to negatively 

affect the NOx removal efficiency [111, 112]. 
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Figure 4.3. Effect of the water content of the feed gas on the removal efficiency of NOx at 

252 °C (total flow rate = 12 L/min; NOinlet=300 ppm and n-heptane as reducing agent with 

C/N=9). 
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the low-temperature range with the pretreatment of the n-heptane gas stream by GA plasma, 

as shown in Figure 4.4. However, at temperatures above 250 °C, the use of plasma did not 

improve the removal efficiency and even lowered the removal efficiency because of the 

formation of NOx and CO2 in the GA plasma. The increase in the removal efficiency of NOx 

resulted from the presence of OHCs in the feed gas as a result of the oxidation of n-heptane 

by the GA plasma. This finding was validated by analyzing the gas components by GC; 

meanwhile, the peaks were identified by comparing the retention time/shape of peaks in the 

chromatograms with those of standard samples using the same GC analysis method. 

Consequently, the chromatograms of both the feed gas (plasma off) and the gas at the outlet 

(plasma on) were recorded and are presented in Figure 4.5. These chromatograms demonstrate 

that the n-heptane in the feed was partly oxidized to form OHCs and other HCs, i.e., 

acetaldehyde, propionaldehyde, butyraldehyde, ethylene, and so on. In comparison with the 

efficiency of using plasma for the removal of NOx that was previously reported,[56] where all 

the feed gas instead of part of the feed gas was pretreated with honeycomb catalyst plasma 

discharge, the removal efficiency of the plasma in this work was lower. The oxidation of NO 

to form NO2 in the feed gas in addition to the formation of OHCs might explain this 

observation in the previous work; consequently, the catalyst stage is more efficient in terms of 

NOx removal. The plasma did not increase the removal efficiency at temperatures in excess of 

250 °C, which could be attributed to the reactivity of the catalyst with n-heptane at these 

temperatures, as presented in Figure 4. 
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Figure 4.4. Enhancing the removal efficiency of NOx at low temperatures by coupling the 

catalytic removal process with gliding arc plasma to generate oxygenated hydrocarbons from 

n-heptane (GHSV=5000 h-1; NOinlet=300 ppm; n-heptane inlet=386 ppm; water content=3.5 %; 

total flow rate=12 L/min in which 2 L/min with O2/N2 =1/9 for plasma; input power ~ 11 W; 

SEI of 55 J/L). 
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Figure 4.5. Chromatograms of gases produced in the gliding arc reactor at ~ 11 W input 

power (Flow rate of 2 L/min: O2/N2=1/9; n-heptaneinlet=2314 ppm that equilibrium to 386 ppm 

after diluting to 12 L/min). 

4.3.2.2. Effect of input energy of plasma  

Enhancing the removal efficiency of NOx by injecting OHCs generated by GA plasma 

discharge would be possible with the formation of a higher concentration of OHCs, whereas 

the oxidation of the initial HC to CO2 would be less complete. This suggests that the effect of 

the input energy of the plasma on the NOx removal would be complex, contrary to the one-

stage plasma-catalyst reaction for NOx removal in which case the removal efficiency increased 

significantly along with the input energy.[58] The dependence of the removal efficiency of 
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Figure 4.6. Effect of the input power on the removal efficiency of NOx when the catalyst is 

operated at 223 °C (GHSV=5000 h-1; NOinlet=300 ppm; n-heptaneinlet=386 ppm; water 

content=3.5 %; total flow rate=12 L/min in which 2 L/min with O2/N2 =1/9 for plasma). 
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by the GA plasma. Preferably, exposure to the GA plasma should form OHCs; unfortunately, 

the complete oxidation of n-heptane still leads to the formation of CO2 in the GA plasma. This 

suggests that it may be necessary to lower the C1/N ratio in the feed gas; moreover, the degree 

of conversion increased as the input power increased, as shown in Figure 4.7(b). The presence 

of O3 in the feed gas would improve the SCR of NOx[113, 114] through the oxidization of NO 

to form NO2 or HCs to form OHCs. The O3 in the gas outlet of the GA plasma reactor was 

found to exist at trace levels, as measured by a 4−400 ppm detector tube (GASTEC Corp., no. 

18M Ozone, Japan). The O3/O∙, which were generated during GA plasma discharge, 

immediately reacted with NO and n-heptane, which can be considered the reason for the 

absence of O3 at the outlet of the GA plasma reactor. The results are in line with those of 

previous work,[56] i.e., the absence of O3 from the gas outlet of humid air plasma with n-

heptane in the feed gas. Furthermore, the high temperature of the GA plasma is another reason 

for the lower amount of O3 at the gas outlet.[115] Although the formation of more OHCs 

owing to the increased conversion of n-heptane at high input power has a positive effect on 

NOx removal, the formation of NOx and CO2 during plasma discharge negatively affects the 

efficiency; overall, the removal efficiency of NOx decreases when the input energy of the GA 

plasma is above 80 J/L. 
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Figure 4.7. Effects of input power on the (a) formation of NOx and (b) conversion of n-heptane 

and formation of CO2 using gliding arc plasma (plasma flow rate = 2 L/min with O2/N2 =1/9 

and concentration of n-heptane = 2314 ppm; CO2 and NOx concentration were measured after 

diluting to 12 L/min). 
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4.3.3. Potential pretreatment of HC injection by plasma and future study 

As mentioned above, the removal efficiency of NOx as a result of pretreatment in the form 

of HC injection depends on the formation of NOx in the GA plasma stage. To evaluate the 

effect of OHCs on enhancing the NOx removal, the effect of lowering the absolute amount of 

NOx on the removal efficiency of NOx during the catalyst stage of the two-stage process 

(consisting of the plasma and the catalyst reactors, respectively) according to Eq. 2, is 

considered. As seen in Figure 4.8, the removal efficiency of NOx in the catalyst stage was 

higher than that of the catalyst alone or the plasma catalyst under the same conditions. 

Partially, the absolute amount of NOx is still lowered at 250 °C, whereas the difference 

between the removal efficiency of NOx with the catalyst or plasma catalyst is insignificant. 

The removal efficiency of NOx would be increased by increasing the ratio of the total flow rate 

to that of the plasma flow rate or lowering the amount of NOx that forms. In a packed-bed 

catalyst reactor, the gas flow rate is limited because of the pressure drop and a honeycomb 

catalyst was proposed to overcome this problem.[116] In this study, the aforementioned flow 

rate ratio is fixed at 6 times, above which the fraction of NOx formed by the GA plasma 

decreases when considering the overall plasma catalyst process; consequently, the removal 

efficiency would be significantly improved. Furthermore, a higher flow ratio requires a high 

inlet concentration of n-heptane in the plasma feed, which would result in the formation of 

less NOx. Interestingly, the average energy consumption is significantly decreased as 

expressed by Eq. 5. As a result, the pretreatment of HCs by plasma increases the extent to 

which the absolute amount of NOx is lowered by 5 to 10%. The use of a high ratio of the flow 

rate is suggested to increase the effect of the OHCs, yet it would lower the average energy 

consumption; this would be possible by using plasma in conjunction with a honeycomb 

catalyst. 
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Figure 4.8. Comparison between the removal efficiency and absolute amount of NOx reduced 

(GHSV = 5000 h-1; NOinlet = 300 ppm; n-heptane inlet = 386 ppm; water content = 3.5 %; total 

flow rate = 12 L/min in which 2 L/min with O2/N2 =1/9 for plasma; SIE = 55 J/L). 

4.3.4. Analysis of optical emission spectra of the gliding arc plasma 

The optical emissions from the GA plasma were recorded by optical emission 

spectroscopy (AvaSpec-2048 XL, Netherlands), as shown in Figure 4.9. These spectra are 

characteristic of the atmospheric pressure plasma described elsewhere.[117, 118] Briefly, the 

spectra of the GA plasma also consisted of intense lines of N2 and N2
+ in the second positive 

system of N2 (C3Πu → B3Πg) and the first negative system of N2
+ (B2∑u

+ → X2∑g
+), 

respectively. Similar to these previous reports, the OH lines at 296 and 306 nm are inseparable 

from the N2 lines near these wavelengths owing to the strong intensity of the N2 lines that 

overlap with the OH lines. In addition to this, the other emissions, those of NO, CH, C2, CO, 

were observed clearly. Specifically, the NO band in the γ system (A2 ∑+ → X2Π) from 200 to 
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300 nm increased with the absence of n-heptane in the feed gas. The significant decrease in 

the NO emission with n-heptane in the plasma zone can be explained by its reaction with 

oxygen radicals to form OHCs. Meanwhile, a comparison between the spectra in the 

presence/absence of n-heptane indicated a CH band at 387 nm, and C2 and CO in the range 

from 500 to 600 nm, as shown in the inset figure. Moreover, the oxygen line in the range 

[750−900] nm was observed clearly, owing to the strong plasma streamer with a sufficiently 

strong current. The OES analysis demonstrated that the gliding arc plasma consisted of 

energetic electrons, ions, radicals, and the excited species of gas molecules, all of which were 

responsible for the high conversion rates of n-heptane to form OHCs and even a small amount 

of CO2 (although the latter only occurred at low temperatures). 

 

Figure 4.9. Optical emission spectra of gliding arc plasma at ED of 330 J/L (⸺, blue line) 

with n-heptane = 2314 ppm in the feed gas and (⸺, red line) without n-heptane in the feed 

gas (plasma flow rate = 2 L/min in with O2/N2 =1/9). 
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4.4. Summary 

The removal of NOx over Ag/γ-Al2O3 with n-heptane as a reducing agent was 

investigated. The dependence of the NOx removal efficiency on typical reducing agents, the 

temperature, and the amount of water in the feed was examined. Generally, the removal 

efficiency was increased as the temperature and C1/N ratio increased. Interestingly, the result 

indicated that OHCs are more effective than HCs for NOx removal in the low-temperature 

range. However, a large amount of water in the feed adversely affects NOx removal with large 

amounts of water decreasing the removal efficiency. As the NOx removal depends on typical 

reducing agents, the experimental data showed that the NOx removal efficiency was increased 

significantly by pretreating the n-heptane flow with the GA plasma. This result is the 

consequence of mixtures of OHCs in the feed gas that were generated by pretreating the n-

heptane flow with GA plasma. The formation of NOx during exposure of the feed gas to the 

GA plasma results in the decrease in overall NOx removal efficiency, and thus, the plasma 

pretreatment would become more effective when the ratio of the total flow rate to the plasma 

flow rate is high, just like actual diesel exhaust treatment. 
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CHAPTER 5 ‒ GENERAL CONCLUSION  

 The main goal of this study was an improvement of the removal efficiency of VOC 

and NOx by developing non-thermal plasma catalyst systems and optimizing various vital 

parameters. This study consists of two research works, and in each study, different types of 

homemade non-thermal plasma reactors are used to generate plasma at room temperature and 

atmospheric pressure.  

The first work investigated the sandwich-type corona discharge plasma in a 

honeycomb monolith reactor to remove acetaldehyde. The effects of several essential working 

parameters, experimental conditions, and processes on the performance of acetaldehyde 

removal are examined. The main achievements of the experimental results are given as 

conclusions: 

 Influence of metal catalyst: The results indicated that coating metal catalyst 

on the surface of the monolith has better performance than bare monolith on 

the increasing removal efficiency and effects to achieve high discharge power. 

 Influence of flow rate: Acetaldehyde removal decreases with decreasing gas 

flow rate from 60 L/min to 20 L/min with keeping constant inlet acetaldehyde 

concentration at the same 25 J/L SEI.  

 Influence of humidity: The results showed that moisture of the feed gas plays 

a crucial role in the acetaldehyde removal process. The removal efficiency of 

acetaldehyde decreased with an increasing water content of the feed gas at the 

same SEI. However, to obtain the same discharge power, the requirement of 

the applied voltage decreased in high humidified air.  

 Influence of the inlet acetaldehyde concentration: In the range of 5-20 ppm 

inlet concentration of acetaldehyde, decreasing in the removal efficiency was 

negligible. Thus, the system can be usable in various conditions. 



74 

 

 A comparison of two methods: the study demonstrated that the energy 

consumption was very low in a plasma catalytic system compared to the 

thermal catalytic method.  

The honeycomb discharge enables operating under humid conditions and high 

throughput of contaminated gas, suggesting that it is capable of practical plasma application 

for acetaldehyde removal. 

The second work examined the PPC system, which consists of the gliding arc plasma 

reactor and γ-Al2O3 catalyst stages for NOx removal. The rotational gliding arc plasma reactor 

was designed, constructed, and optimized to reform HC to OHCs. Several input parameters 

and conditions for the reduction of NOx were also investigated. Various obtained vital research 

findings are as follows: 

 The effect of the reducing agents on the deNOx process at several 

temperatures is tested. The results indicated that OHCs are more effective 

than n-heptane as reductants in improving NOx removal efficiency at low-

temperature ranges (165-252 °C). 

 The removal efficiency of NOx increased with increasing C1/N ratio, and 

a high amount of water content in the feed gas decreased the NOx 

reduction. 

 The results show that the gliding arc plasma can effectively reform HC to 

OHCs, for instance, acetaldehyde, butyraldehyde, and propionaldehyde. 

These OHCs enhanced the NOx conversion rate by around 10 %  at low 

temperatures. Additionally, there is a cost-effective aspect: there is no 

need to use any other chemical such as urea or ammonia as a reductant in 

this method because the diesel fuel can be useable as a reducing agent 

from an automobile’s fuel tank instead of n-heptane.  
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Suggests that the removal efficiency of the NOx will increase by this method when 

increasing the fraction ratio between the total flow rate and flow rate of the carrier gas of the 

gliding arc reactor because of the increase in the injection of n-heptane to the GA reactor. As 

a result, there is less chance of producing NOx in the GA plasma reactor, and the NOx reduction 

can be improved enough in the catalyst stage.  
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