creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

A THESIS

FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Plasma Catalytic Hybrid Reactor System for

Air Pollution Control

NGUYEN VAN TOAN

Major of Energy & Chemical Engineering
FACULTY OF APPLIED ENERGY SYSTEM
GRADUATE SCHOOL

JEJU NATIONAL UNIVERSITY

August - 2021



Plasma Catalytic Hybrid Reactor System for

Air Pollution Control

NGUYEN VAN TOAN
(Supervised by Professor, Dr. Young Sun Mok)

A thesis submitted in partial fulfillment of the requirement for the degree of
Doctor of Philosophy
2021. 06
The thesis has been examined and approved.

Professor, Dr. Howon Lee Department of Chemical and Biological
Thesis Director Engineering, Jeju National University
Professor, Dr. Heonju Lee Department of Nuclear and Energy
Thesis Committee Member Engineering, Jeju National University
Professor, Dr. Hyomin Lee Department of Chemical and Biological
Thesis Committee Member Engineering, Jeju National University
Dr. Duy Khoe Dinh Department of Industrial Plasma
Thesis Committee Member Engineering, Korea Institute  of

Machinery and Materials

Professor, Dr. Young Sun Mok Department of Chemical and Biological
Thesis Committee Member & Supervisor Engineering, Jeju National University
June - 2021

Major of Energy & Chemical Engineering
FACULTY OF APPLIED ENERGY SYSTEM
GRADUATE SCHOOL
JEJU NATIONAL UNIVERSITY



CONTENTS

LIST OF FIGURES ...ttt bbb srn e ne e \Y
LIST OF TABLES ... ..ottt e e et e e e e e e nneeeenes X
ABBREVIATIONS. ..ottt e e et e e e s e e e nrr e e e nnee e e e Xi
A B S T R A T ettt e e a e e e e nnreeanrreeanrreean xiii
CHAPTER 1. INTRODUCTION. ...ttt 1
I @ Y= Y 1= ST 1
1.2, AM OF TNE WOTK ...t 5
1.3. Organization Of the theSiS...........oiiiii e 6
CHAPTER 2. METHODOLOGY ...ttt nnee s 8
2.1. Selected plasma catalytic reactor configuration .............c.ccooveieieieneie s 8
N B 1= B N = Tox (o TP TR PR TRRPP 8

F A Oo] (o - W (T o (o | SRR UR PR TRTPP 9

2.2. EXPErimental SEBTUD .......oiiiiiiiieeee e 10

2.2.1. General experimental setup for NOx and Soot removal using DBD plasma catalyst
=TS To1 (0 TP PRSP TPPPOP 10
2.2.2. Experimental setup for styrene removal using DBD plasma catalyst reactor.......... 12

2.2.3. Experimental setup for ethyl acetate removal using corona plasma-honeycomb

CALAIYSTS SYSTEIM ...ttt bbbttt bbbt 13
2.3. Materials and catalyst Preparation ..o 15
2.3. 1. PElletS CAAlYST ... ..ueiuiiieeiieeee e 15
2.3.2. HONBYCOMD CALAIYST .....cueiiieiieieie e 15
2.4. Measurements and analyses Methods ... 17



2.5. Calculation MEthOAS .....coooeeeeeee 19
CHAPTER 3. LOW-TEMPERATURE HC-SCR OF NOx AND SOOT REMOVAL
USING PLASMA COUPLED WITH CAT ALY ST S ettt 21

3.1. Evaluation of low-temperature NOx removal over Ag/ZSM5 and Cu/ZSM5

catalysts coupled With Plasma............coiiiiii 21
3.1.1. Characterizations 0of the CatalystS...........covviiieiiiiiiieie e 21
3.1.2. NOx removal over Ag/ZSM5 and Cu/ZSM5 coupled with plasma ............c.ccoeeeee. 26
3.1.3. Effect of H2O on NOx reduction and storage Capacity..........ccccoceeerererenieneniennnenns 30
3.1.4. Role of HC-SCR in the efficiency of NOx reduction ............ccccoeeerenenennnieieennenns 31
3.1.5. Effect of temperature on diSCharge ...........coeieieieniiiiiiieeeee e 33

3.2. Plasma-assisted selective catalytic reduction for low-temperature removal of NOx

AN SOOT SIMUIANT........iiiiiieiee bbbt 35
3.2.1. Effects of plasma input parameters on disCharge POWEr ...........ccevvververeenvenesieennnns 35
3.2.2. Removal of NOx and soot simulant by SCR coupled with plasma...........cc.cccceeee. 37
3.2.3. Removal of NOx and soot during operating temperature fluctuations..................... 43

3.3 SUMIMAIY ...ttt b ettt b e bbb s be e b nn b 47

CHAPTER 4. PLASMA ASSISTED CATALYSIS FOR VOC DECOMPOSITION....... 49

4.1. Degradation of styrene in a nonthermal plasma-catalytic system over Pd/ZSM5..49

4.1.1. Characterizations of the CatalystS..........cccoviiiieiiiic i 49
4.1.2. Styrene adsorption and deCOMPOSITION ........cccveiieiiieiie e 51
4.1.3. Formation and decomposition 0f 0ZONE...........cccovveiieiii e 55
4.1.4. Formation of DYProduCtS ..........c.ooiiiiiiiic e 57
S 11 [ 1 10 TV Y TSP OUPRPPRTR 61

CHAPTER 5. ASTUDY ON PLASMA CATALYTIC SYSTEM FOR POLLUTION



DEGRADATION TOWARDS PRACTICAL APPLICATION ...cccoiiiiiiiieie e 63
5.1, INEFOAUCTION ...ttt bbbt 63
5.2. EXPEIIMENT SELUP ...ttt bbb 65
5.3. Removal of ethyl-acetate in Air by different types of corona discharges generated
in a honeycomb monolith structure coated with Pd/y-alumina...........cccccocniniinninnnnn, 65

5.3.1. Characterization of the catalySt..........cccoviiiiiieiiie e 65
5.3.2.Characterization of AC & DC corona plasma within Pd/y-Al>Os/honeycomb

CAEAIYST. ettt bbbt 68
5.3.3. Analysis of optical EMiISSION SPECLIA .........cviiriieriiiieiireseee e 75
5.3.4. Evaluation of the EA removal efficiency of the AC and DC corona discharge by the
Pd/y-Al203/honeycomb CatalYSt.........ooviiiiiiiiice s 76

5.3.5. A comparison of ethyl acetate removal between honeycomb corona discharge and

OLNEE PIOCESSES ....vvvevveieeieestesteeste et e st e ste e e ste et e e st e s be e teeseesaeesseessesbeeteensesseesseenseaseenteannesneas 80
5.3.6. ANalysis Of BYProQUCTS..........ooviiieiccc e 81

ST YU 01 0 =1 Y2 PP 88
CHAPTER 6. CONCLUSIONS ...t 90
BIBLIOGRAPHY ...ttt r e e e neesnee s 92
LIST OF PUBLICATIONS ...t 112
ACKNOWLEDGMENTS ... 113



LIST OF FIGURES

Fig. 2.1. lllustration of the DBD plasma catalysts reactor. ............ccocueveveieniieneniieseeeeeee, 8
Fig. 2.2. lllustration of the corona plasma honeycomb catalysts reactor. .............c.ccocvvevrvenne 10
Fig. 2.3. Schematic diagram of the experimental setup for the removal of NOx and Soot. ...... 11
Fig. 2.4. (a) Schematic diagram of the experimental setup, and (b) the cut-away view of the
plasma catalytic reactor built in the gas Cell............oooiiiiii e, 12
Fig. 2.5. (a) Schematic diagram of the experimental setup, and (b) the photo of corona discharge
plasma (applied voltage: 11.2 KV, GHSV: 9000 h', water vapor: 3%(V/V)). ....ccccevvevevevevernnnnns 14
Fig. 2.6. Image of the pellets used in thiS STUAY. .........cccoiiiiiiiiii 15
Fig. 2.7. (a) Image of the bare honeycomb monolith, and (b) the honeycomb catalyst after
C0AtING USEA 1N TS STUAY. ..eviiiiiiieiiiiee bbb 16
Fig. 3.1. SEM images of the samples (a) 2 wt.% AgQ/ZSM5, (b) 2 wt.% Cu/ZSM5 and the
COrresPoNdiNg EDS SPECIIA. ......oiuiiuiiieiiiie ittt 22
Fig. 3.2. XRD patterns of the ZSM5, Ag/ZSM5, and CU/ZSMS5. ..ot 23
Fig. 3.3. The adsorption capacity of n-heptane by the catalysts at 100 °C (total flow is 2 L/min,

which includes 85 ppm n-heptane, 3.7% H-0, 10% O> with the balance being N2, 1g catalysts).

Fig. 3.4. The evolution of gas composition obtained with and without plasma: (a) NO and NO>
concentration, (b) n-heptane concentration, and (c) CO. concentration (the temperature was
increased from 150 to 350 °C within 40 minutes and maintained at 350 °C, Ag/ZSM5 catalyst,
APPHEd VOITAGE O KV). oottt ettt e e nre e anes 25

Fig. 3.5. Dependence of the efficiency of NOx removal on SIE and the operating temperature



over (a) Ag/ZSM and (b) Cu/ZSM catalysts coupled with plasma (total flow is 2 L/min, which
includes 300 ppm NOx, 265 ppm n-heptane, 3.7% H20, 10% O> with the balance being N2). 26
Fig. 3.6. Comparison of NO conversion efficiency over Ag/ZSM5 and Cu/ZSM5 catalysts
coupled with plasma (total flow is 2 L/min, which includes 300 ppm NOx, 265 ppm n-heptane,
3.7% H20, 10% Oz with the balance being N2). .....ccccviiiiiiiii e 27
Fig. 3.7. Effect of SIE and the operating temperature on the decomposition of n-heptane, the
concentration of CO., and the selectivity of CO, based on Ag/ZSM5 and Cu/ZSM5 catalysts
coupled with plasma (total flow is 2 L/min, which includes 300 ppm NOx, 265 ppm n-heptane,
3.7% H20, 10% Oz with the balance being N2). ..o 29
Fig. 3.8. Effect of H2O on NOx reduction efficiency over Ag/ZSM5 catalyst (operating
temperature was increased from 150 to 350 °C within 40 minutes and maintained at 350 °C
based on Ag/ZSM5 catalyst with 3.7% H20 and without H2O, total flow 2 L/min, 300 ppm NOx,
265 ppm n-heptane and 209 CAAIYSL). ......ccviiiiiiiieieee e 30
Fig. 3.9. Role of HC-SCR on NOy reduction efficiency over Ag/ZSM5 catalyst coupled with
plasma (operating temperature was increased from 150 to 350 °C within 40 minutes and
maintained at 350 °C based on plasma catalyst with and without n-heptane, applied voltage 9
4 T OSSR 32
Fig. 3.10. Discharge power as a function of the operation temperature and applied voltage. .34
Fig. 3.11. Discharge power as a function of temperature and applied voltage for different gas
compositions (total flow rate fixed at 2 L/min including 3.7% H20, 10%0-, reducing agents: 48
ppm CioHs, 265 ppm C7H16, N2 as balance; acquire mode of the oscilloscope: the average of
(SR \Y =] 0] 1 11 TSP 35
Fig. 3.12. NOx and naphthalene removal by plasma-catalyst at various temperatures and specific

input energy (SIE) (a) NOx conversion, (b) concentrations of NO and NO-, (c) naphthalene

Vv



conversion, and (d) selectivity toward CO> (total flow rate of 2 L/min including 300 ppm NO,
48 ppm naphthalene, 3.7% H20, 10% O, and N2 as balance)..........cccoccevvriviieneneie e 37
Fig. 3.13. NOx and naphthalene removal by plasma-catalyst at various temperatures and SIE
values (a) NOx removal efficiency, (b) naphthalene conversion, (c) n-heptane conversion, and
(d) selectivity toward CO. (total flow rate of 2 L/min including 300 ppm NO, 48 ppm
naphthalene, 265 ppm n-heptane, 3.7% H»O, 10% O, and N as balance). .............ccccceeuvennee. 39
Fig. 3.14. NOx removal efficiency and conversion of n-heptane and naphthalene by the catalytic
process with/out n-heptane and naphthalene at various operating temperatures (total flow rate
fixed at 2 L/min, including 300 ppm NO, 48 ppm naphthalene, 265 ppm n-heptane, 3.7% H-0,
10% Oz, and N2 @S DAIANCE). ......eeiieeiicieci et re e 41
Fig. 3.15. Concentrations of NO and NO; as a function of SIE for different gas compositions at
250 °C (total flow rate of 2 L/min including; 300 ppm NO, 265 ppm n-heptane, 48 ppm
naphthalene, 3.7% H20, 10% Oz, and N2 as balance). .........c.ccocvviiiiiiiiiee, 42
Fig. 3.16. (a) Evolution of NO and NO> during the temperature increase from 150 to 350 °C at
a rate of 3 °C/min and then being maintained at 350 °C for both catalyst and plasma-catalyst,
(b) changes in discharge power with temperature, and (c) average NOyx conversion in the first
70 min (total flow rate of 2 L/min including; 300 ppm NO, 48 ppm naphthalene, 265 ppm n-
heptane 3.7% H20, 10% Oz and N2 as balanCe). .........ccceoeriiiiiiiiiieeeee e, 44
Fig. 3.17. Evolution of concentration ratio of outlet and inlet (C/Co) of naphthalene and n-
heptane during the temperature increase from 150 to 350 °C with a rate of 3 °C/min and then
maintained at 350 °C for both catalyst and plasma-catalyst (the conditions are the same as in
FHG. 3.16). vvrereeeeeeeeeseeseeseessseseseesseessee e ee s ee s ee e st st ee e ee et e et e et et ee e st er et 46
Fig. 4.1. SEM images of (a) the Pd/ZSM-5 catalyst before, and (b) after the reactions. .......... 49

Fig. 4.2. XRD patterns of the bare ZSM-5 and Pd/ZSM-5 before and after the reactions........ 50

Vi



Fig. 4.3. Concentrations of styrene at the reactor outlet obtained during the room-temperature
adsorption of 40 ppm styrene in 5 L/min air and that during the plasma-catalytic decomposition
AL AN SIE OF B0 J/L. .. 52
Fig. 4.4. (a) Temporal variations of the plasma-catalytic styrene removal efficiency at different
SIE values, and (b) the steady-state CO> selectivities (5 L/min of air; 100 ppm styrene). ....... 53
Fig. 4.5. Temporal variations of the effluent temperature at different SIE values.................... 54
Fig. 4.6. Temporal variations of the SIE values (a) and the relation between the applied voltage
AN TNE STE (10). -t r bbbt 55
Fig. 4.7. Ozone concentrations obtained after 1-h operation at the outlet of the reactor without
the catalyst packing (a), the effect of the styrene concentration on the emission of ozone (after
1-h operation) (b), the effect of the catalyst presence on the emission of ozone (after 1-h
operation) (c), and the temporal variations of the ozone concentration during the operation at
RT3V (o ) TSRS 56
Fig. 4.8. FTIR spectrum of the effluent without the catalyst packing (applied voltage: 16.8 kV)
(a) and that with the catalyst packing (). ......c.coooiiiiii e 58
Fig. 4.9. FTIR spectrum of the low-volatile byproduct deposits after the reaction. ................. 59
Fig. 4.10. GC-MS spectrum of the low-volatile byproduct deposits (applied voltage 16.8
4 TR 60
Fig. 4.11. Concentrations of CO, CO., and NO2 were obtained as a function of SIE with and
without the Pd/ZSM-5 (a) and the concentrations of NO> as functions of styrene concentration
AN STE (1) oo 61

Fig. 5.1. XRD patterns of the bare honeycomb monolith, y-Al>2Os/ honeycomb monolith, and

Pd/y-Al203/honeycomb MOonolith. .........ccooiiiii 66

vii



Fig. 5.2. SEM images of (a) the bare honeycomb monolith, (b) y-Al-Oz/ honeycomb monolith,
and (c) Pd/y-Al203/honeycomb MOonOlith..........cccoveiiiiii s 67
Fig. 5.3. EDS elemental mapping images for a selected area of the Pd/y-Al.Os/honeycomb
MONOTTEN. ... bbbt e bbbt e e 68
Fig. 5.4. Waveforms of the voltage and current of the corona plasma in the honeycomb obtained:
(@) the AC plasma source, and (b) DC plasma source (applied voltage: 11.2 kV, GHSV: 9000
N1, Water VAPOT: 3Y0(V/V)). wouveeeeceeieeteeeeeee ettt n st en st an et 69
Fig. 5.5. Effect of water vapor content on (a) discharge power, and (b) Irwus for both the AC &
DC corona at atmosphere pressure (GHSV: 9000 h™, applied voltage: 11.2 KV).................... 70
Fig. 5.6. Temporal variations of the effluent gas temperature at different water vapor for both
AC & DC corona at atmosphere pressure (GHSV: 9000 h*, applied voltage: 11.2 kV).......... 71
Fig. 5.7 Effect of GHSV on: (a) discharge power, (b) Irvs for both the AC & DC corona plasma,
and (c) variation of SIE as a function of GHSV for both the AC & DC corona plasma (humidity:
3%(V/V); applied VOItage: 11.2 KV). ..ot 72
Fig. 5.8. Effect of temperature on the discharge power and current characteristic for both the
AC & DC corona discharge; (b) variation effluent gas temperature of both AC & DC honeycomb
discharge as a function of oven temperature (GHSV: 9000 h, humidity: 3%(v/v); applied
VOITAGE: 10 KV ittt 73
Fig. 5.9. Optical emission spectra of the corona discharge plasma in air (GHSV: 9000 h7,
humidity: 3%(v/v); applied voltage: 11.2 KV)....ccooiiiiiieece e 75
Fig. 5.10. The conversion efficiency of EA by both AC & DC corona for various water vapor
contents in the gas stream (GHSV: 9000 h%, applied voltage: 11.2 KV). ...ccccovveeeveveeeieieieineee, 76
Fig. 5.11. Conversion efficiency of EA by both AC & DC corona for different GHSV values

(applied voltage: 11.2 kV, water vapor content: 3%(V/V)). ....ccovvevieiieeiieiieece e 78

viii



Fig. 5.12. (a) Temporal variations of the plasma—catalytic EA removal effciency at diferent SIE

values, and (b) the steady-state CO- selectivities (GHSV: 9000 h%, water vapor: 3%(v/v))...79

Fig. 5.13. Ozone concentration generated by both AC and DC plasma as a function
of; (a) the effect of humidity (SIE: 220 J/L, GHSV: 9000 h'Y); (b) the effect of
GHSV (SIE: 220 J/L, water vapor: 3%(v/v), (c) the effect of SIE (GHSV: 9000 h-
! water vapor: 3%(Vv/v), and (d) the temporal variations of the ozone concentration

during the operation at 100 J/L... ..o 82

Fig. 5.14. FTIR spectra of the effluent gas produced by DC corona discharge by varying the
applied voltage (inlet concentration: 300 ppm, dry air, GHSV: 9000n™). .....cccvevevevevevercreree, 84

Fig. 5.15. The plausible reaction mechanism in the plasma-assisted surface oxidation of EA 86



LIST OF TABLES

Table 1. Parameters of DBD plasma catalysts reactors in this Work.............ccccocvvniniiiiicnnn 9
Table 2. Comparison between different plasma configurations for ethyl-acetate removal process
under atmospheric Pressure CONAITION. ..........viiiiiieieere e 80
Table 3. Reactions leading to the formation of reactive species and inorganic byproducts.....87

Table 4. Possible reactions for the oxidative decomposition of ethyl acetate .............cc.cceeee. 87



Abbreviation

AC
Ag
Al;0O3
C7H16
CsHs
CioHs
CO;
CO
DBD
DC
EA
EDS
FTIR
GC
GHSV
HC
HV

kv
MFC
NO
NO2
NOx
NTP
oD
PID
Pd
PM

ABBREVIATIONS

Xi

Explanation

Alternative Current

Silver

Alumina oxide

n-Heptane

Styrene

Naphthalene

Carbon dioxide

Carbon monoxide

Dielectric barrier discharge
Direct Current

Ethyl acetate
Energy-dispersive X-ray Spectroscopy
Fourier Transform Infra-Red
Gas Chromatography

Gas Hourly Space Velocity
Hydrocarbon

High Voltage

Inner diameter

Kilovolt

Mass Flow Controller

Nitric oxide

Nitrogen dioxide

Nitrogen Oxides
Non-Thermal Plasma

Outer diameter
Proportional-integral-derivative
Palladium

Particulate Matter



ppm Parts per million

SCR Selective Catalytic Reduction
SEM Scanning electron microscopy
SIE Specific Input Energy

VOC Volatile Organic Compound
XRD X-ray diffraction

ZSM5 Zeolit

Xii



ABSTRACT

The thesis focuses on investigating plasma catalytic hybrid reactors towards controlling
air pollution (e.g., NOx removal and VOC decomposition). The influence of critical process
parameters on the removal process such as gas temperature, humidity, gas flow rate,
hydrocarbon, energy density, and so on were investigated. The byproducts in the plasma
catalytic oxidation process were also analyzed to understand the role of the plasma-activated
catalytic in governing the reaction pathways according to the oxidation process. Additionally,
screening of different suitable catalytic materials and suitable plasma technologies has been
carried out towards practical applications.

In this study, three different processes for NOx and soot removal, and VOC degradation
using plasma catalytic hybrid are investigated. The first is the removal efficiency of NOy and
soot at a low-temperature range below 350 °C. The key for this study is plasma-induced
activation of the catalyst at relatively low temperatures, which can efficiently remove NOy at
low temperatures and fluctuating below 350 °C. The second work has discussed the degradation
of VOCs in the ambient air by using a DBD plasma reactor packed with Pd/ZSM5 catalyst that
acts as both an adsorbent and catalyst. For the sake of practical application, the third work is to
develop a honeycomb catalysts plasma reactor system for dealing with large amounts of air
pollutions in the environment.

From the first work, an evaluation of low-temperature NOx removal over Ag/ZSM5 and
Cu/ZSM5 catalysts coupled with plasma is performed in a wide temperature range below
350 °C. The experimental results show that the NOx removal rate over Ag/ZSM5 was higher

than that over Cu/ZSM5. The NOx removal efficiency based on Ag/ZSM5 catalyst coupled with

Xiii



plasma exceeded 80% at low operating temperatures. The oxidation of NO to NO> was
approximately 100% at temperatures of 200-300 °C. Furthermore, the effects of water vapor,
hydrocarbons, and operating temperature on NOx removal efficiency were also investigated.
Mechanisms for low-temperature NOx removal by plasma catalysis have also been discussed in
detail. Besides, the removal of NOx and soot simultaneously by selective catalytic reduction
(HC-SCR) coupled with plasma under temperature fluctuation conditions ranging from 150-350
°C is also investigated. The results revealed that the HC-SCR coupled with plasma maintained
high NOx and soot reduction efficiency regardless of the temperature variations in the range
from 150 to 350 °C. In comparison, the average NOx removal efficiency of the HC-SCR process
at various SIE was varied from 37.6 to 76.6%, depending on the specific input energy (SIE).

In the second work, the styrene degradation was investigated in a DBD plasma reactor
packed with Pd/ZSM5 pellets acting as both an adsorbent and a catalyst at atmospheric pressure.
The effects of SIE, styrene concentration on the removal of styrene, the CO; selectivity, and the
formation of organic and inorganic byproducts were discussed. The results demonstrated that
the plasma-coupled Pd/ZSM5 catalyst significantly enhanced both the styrene oxidation and the
CO; selectivity as compared with the plasma-alone case, greatly reducing the byproducts. The
styrene degradation efficiency proportionally increased with increasing the specific input
energy. Ozone formed by the plasma played an important role in the oxidation of styrene. The
Pd/ZSM5 catalyst could be activated by the plasma, which greatly enhanced the performance of
the styrene removal.

In the third work, a plasma-assisted catalysis reactor system comprising different types
of corona discharge and honeycomb catalysts have been investigated for degradation of ethyl-
acetate (EA) in the air under various parameters such as humidity, space velocity (GHSV), and

temperature. The honeycomb catalyst used in this work was successfully prepared by applying

Xiv



a coating of y-alumina (y-Al.Oz) powder to the bare cordierite monolith on which to support the
palladium (Pd) catalyst. An attempt has been made to successfully generate a large volume of
uniform plasma at atmospheric pressure in the channels of the nearly practical-scale honeycomb
catalyst. The results demonstrated DC honeycomb catalyst discharge is more stable and easier
to operate at higher voltages under various atmospheric conditions. Furthermore, EA conversion
in the DC honeycomb catalyst discharge (96%) is significantly higher than that at the given
applied voltage. The by-products of EA degradation were also analyzed to understand the role
of the plasma in governing the reaction pathways according to which the oxidation process of
EA proceeds in the plasma discharge over the honeycomb catalyst. The honeycomb catalyst

discharge renders the proposed system suitable for practical applications.
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CHAPTER 1

INTRODUCTION

1.1. Overview

The emissions of NOx, and VOC by various industrial, mobile, and natural processes are
sources of air pollution and adversely affect human health. There are several problems such as
photochemical smog, acid rain, and ozone layer depletion [1]-[3]. Acid rain has the potential to
generate further environmental impacts such as deforestation, soil, and water acidification [4].
The component of smog can cause eye damage and throat irritation, reduce visibility, and
damages plants and materials [5]. The VOCs (i.e., styrene, ethyl-acetate) are mainly emitted
from industrial processes such as refineries, chemical and pharmaceutical plants, automobile
manufacturers, etc [6]-[9]. Styrene is a typical VOC that is widely used in the resin and
pharmaceutical industry. It has high toxicity and odorous smell and is hard to destroy due to the
resonance hybrid of its benzene ring [8]. The primary sources of NOx emission include motor
vehicles (55%) and industrial, commercial combustion processes (45%) [10]. The NOx (the sum
of NO and NOy) are considered toxic [1], [11]. Around 95% of NOx emitted from incineration
processes is NO while NO- is 5% [12]-[14]. However, NO is unstable and reacts readily with
oxygen through photochemical oxidation to form NO> [15]. Thus, developing a cost-effective
approach for the removal of NOx and VOC in the air is a major environmental problem now.

In this regard, several available technologies have been applied for the control of air
pollution such as absorption and adsorption, thermal incineration and catalytic oxidation,
biological treatment, non-thermal plasma (NTP), or non-thermal plasma catalytic [5], [16]-[24].

Among these methods, adsorption and absorption are considered efficient technologies for the



removal of VOCs from the gas stream. However, these technologies have some drawbacks such
as post-treatment/reactivating and disposal of used adsorbents, which may lead to an increase
in the overall cost [25]. Thermal incineration and catalytic oxidation methods require a supply
of a high-temperature and catalytic deactivation represents a serious problem for these
technologies [19], [26], [27]. Biological treatment is considered one of the most environmentally
friendly technologies for minimizing VOC:s, as it provides an economical and environmentally
alternative to traditional technologies such as adsorption, thermal oxidation, and catalytic
oxidation. However, their disadvantages are slow biological oxidation of less water-soluble and
less biodegradable VOCs, the system is very large [28]. Catalysis is featured as a selective
process, but most traditional catalysts are activated at high temperatures over 300 °C [29].
Indeed, commercially available catalysts hardly exhibit catalytic activity at low temperatures,
behaving just like adsorbents. Moreover, the pollution itself and the partially oxidized products
formed on the catalyst surface covered the active site and filled the micropores to debase the
adsorption capacity of the catalyst, which would weaken and even destroy the catalytic activity,
when the temperature is not enough [30].

Recently, non-thermal plasma (NTP) has been proved as a promising technique for the
treatment of air pollution [16], [18], [31], [32]. The remarkable features of this technology are
very efficient sources of active species at atmospheric pressure. In comparison with the other
sources at lower pressures, NTP can be directly used in the ambient air without using any
vacuum system [33]. A large number of strong oxidizing agents and highly reactive species are
produced, capable of promoting the decomposition of gaseous pollutants, even at low
temperatures [34], [35]. The dissociation and ionization of the ambient gases caused by the
impact of energetic electrons in the plasma region can generate many kinds of chemically

activated radicals such as oxygen radical (O), ozone (O3), nitrogen radical (N), excited nitrogen

2



radical (N*), and OH radicals, which strongly promoted the decomposition of pollution [16],
[36]. NTP can be generated through a variety of ways including corona discharge [37], [38],
microwave discharge [39], and arc/plasma torch [40], glide discharge reactors [41], and
dielectric barrier discharge (DBD) [42], [43]. Among the different types of NTPs, the DBD and
corona discharge for air pollution have received a lot of attention recently since it has a simple
configuration and can be operated under atmospheric pressure [29], [44], [45]. However, a
disadvantage of plasma technology is incomplete oxidation, which leads to the formation of
unwanted degradation products (i.e., ozone, NOy), possibly more harmful than the parent
molecule, and poor energy efficiency, which is a serious obstacle towards their industrial
implementation [18], [42], [46], [47].

To address these drawbacks, more effective use of NTP is possible by exploiting its
inherent synergetic potential through a combination with heterogeneous catalyst as emphasized
by different groups [48]-[50]. Hybrid plasma catalysis combines the advantages of high
selectivity from the catalysis and rapid reaction rate from the NTP [42], [44], [51]. In addition,
its simple operational procedure and economic viability in industrial applications while most of
the other technologies face difficulties such as incomplete degradation, slow reaction rate, high
investment and operational cost, high-temperature requirement, and so forth [16], [23]. The
plasma induces the desorption and the oxidation of low-volatile products deposited on the
catalyst surface, which can regenerate the catalyst. On the other hand, the catalyst with a plasma
reactor can enhance product selectivity and energy efficiency [52], [53]. Especially, the catalyst
can solve the problem related to the formation of unwanted byproducts while the plasma makes
up for the weak points of the catalyst such as deactivation and low activity at low temperatures
[42], [54], [55]. Furthermore, NOx cannot be reduced to N> effectively just with electrical

discharges and without the help of a catalyst [18], [56], and the power consumption for NTP for
3



decomposition NOx is extremely high [57]. Briefly, plasma-assisted catalysis is widely used for
improved air pollutant removal efficiency and selectivity because of its simple operational
procedure and economic viability in industrial applications.

Multifarious catalysts for processes using plasma such as zeolites (ZSM5) [42], [58],
[59], photo-catalyst (TiO2) [30], [60], and alumina (y-Al20s) [45], [61]-[63] loaded with
different metals such as Ag [26], [43], [64], Pd [42], [65] catalysts have been used for air
purification. Among the common catalysts are porous adsorbents such as zeolite (ZSM5) and vy-
Al;0O3 [66]. It has shown outstanding properties with respect to specific surface area and
adsorption capacity [59]. Zeolite materials are advantageous due to their acidic nature and
shape-selective behavior, which had unique micropores, cavies, and channels in their frame
structures, which have the size of micropores range from 3 to 20 A [67], [68], whereas could be
adsorbed the pollution molecules enter into the internal pore of catalyst. Moreover, the micro
discharge in the plasma might be generated inside the catalyst pores [69]. Besides, the y-Al.O3
is also a widely used catalyst supported, which combined Lewis acidity and basicity, good
porosity, and high surface area [70]. The catalysts supported by noble metals or transition metal
oxides have been used for NOx removal and VOC decomposition [5], [71]-[73]. Zeolite-
supported active metals are able to improve the CO: selectivity by facilitating the oxidation of
intermediates [59], [74]. These catalysts can prolong the retention time of the VOC molecules
in the plasma catalytic bed, which may lead to a higher collision probability between reactive
species and VOC molecules when combined with the plasma [36], [74]. The excellent
adsorption ability of catalysts could improve pollution removal in the plasma [75]. Among the
noble metal or transition metal, oxides-based catalysts, silver [76], [77], and palladium [42],

[74], [78] containing catalysts have exhibited interesting activity in the removal of NOx and



VOC at low temperatures.

The selective catalytic reduction (SCR) of NOx can obtain high conversion with several
reducing agents such as Hz, NHs, urea, and hydrocarbon (HC) at high operating temperatures
(300400 °C) [79]-[84]. Among these agents, the use of HC-SCR for NOx removal can be
considered to be easier to apply due to the practicability and cost-effectiveness. The exhaust gas
of diesel engines usually contains HC and particulate matter [85], which can be directly used as
a reducing agent for NOx reduction. The n-heptane is used as a reducing agent simulant in this
work, which has a cetane number and ignition properties comparable to that of diesel fuel, and
is a major component in reference and surrogate fuels for diesel fuel [86]-[88]. The suitable
temperature window of operation for light-duty diesel engine exhaust gas streams is the range
of 150-300 °C [89]. To date, a high NOx removal rate at low operating temperatures (<300 °C)
and fluctuating gas temperatures are still challenges. To address this problem, a plasma catalyst

hybrid uses for NOx and soot removal in a wide temperature range below 350 °C.

1.2. Aim of the work

The main purpose of this work is special focus on plasma catalytic hybrid reactor system
for Air pollution control. The influence of various parameters (such as water vapor, operating
temperature, and gas flow rate) on the NOx removal and VOC decomposition efficiency were
investigated. Screening for various suitable catalytic materials (e.g., pellets, honeycomb
catalyst) for incorporation with other types of discharge plasma (e.g. DBD, AC & DC corona)
towards improving efficiency and deploying industrial applications have been investigated.

Specific objectives are based on the different processes as follow:
» Firstly, removal of NOx and Soot by selective catalytic reduction (HC-SCR) coupled

with plasma under low-temperature conditions and fluctuate below 350 °C. Understand the
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plasma-catalytic NOx removal mechanisms at low temperatures.
»  Secondly, the plasma-assisted catalyst for VOC degradation in the air. Understand the
plasma catalytic oxidation mechanism through byproducts analysis.
» Lastly, development of a plasma catalytic reactor configuration based on honeycomb

corona discharge (HCD) toward practical application.

1.3. Organization of the thesis

The thesis is organized into six chapters.

Chapter 1- This chapter presents an overview of the literature on air pollution, several
methods of air pollution control, and the advantage of the plasma catalytic techniques
compared to traditional methods in close detail. From there, the research objectives were
proposed in detail.

Chapter 2- The experimental setup, materials, and analysis methods have been
described in detail. Depending on the study, the experimental setup has been adapted to the
goals of that study and details will be shown in related chapters.

Chapter 3- In this chapter, A modeling for hydrocarbon (HC) — based selective
catalytic reduction (SCR) of NOx reduction couple with plasma under low-temperature and
temperature fluctuation conditions are investigated. The influence of various operational
parameters such as water vapor, hydrocarbon, and temperature on NOx removal was
discussed. Commonly used catalyst support materials such as ZSM5, Al,O3 have been used in
this work.

Chapter 4- In this chapter, the degradation of VOC is investigated in the DBD plasma

catalytic hybrid reactor at atmospheric pressure. The catalyst used in this study is Pd/ZSM5,



which acts as both an adsorbent and a catalyst at atmospheric pressure. The ozone formation
and decomposition, and the byproducts formation were analyzed in detail.

Chapter 5- Towards practical application, a plasma-catalytic reactor configuration
(HCD) has been developed based on honeycomb catalysts to handle large flows, which can be
scaled-up or commercial. The effect of humidity, gas velocity, and reactor temperature on the
discharge characteristic and VOC decomposition was investigated in detail. Two types of
plasma sources (i.e., AC, and DC) are used in this study.

Chapter 6- Several conclusions present in this chapter, and some recommendations for

future work.



CHAPTER 2

METHODOLOGY

2.1. Selected plasma catalytic reactor configurations
2.1.1. DBD reactor

The DBD plasma catalytic reactor is illustrated in Fig. 2.1. It was comprised of a
cylindrical ceramic tube that served as a dielectric layer separating the high voltage electrode
and the outer ground electrode. The reactor consists of two electrodes, a high-voltage electrode,
and a grounded electrode. The steel-threaded rod acting as the high voltage electrode
(discharging electrode) was placed at the center of the ceramic tube. A thin copper foil wrapped

around the outer surface of the ceramic tube served as the ground electrode.

Dielectric barrier Ground
discharge (DBD)

power
SO\

electrode

High voltage
electrode

Catalyst =

Fig. 2.1. lllustration of the DBD plasma catalysts reactor.



A high-voltage alternating current (AC) operated at 400 Hz was applied across the
electrodes of the DBD packed-bed reactor, which was supplied by a frequency converter
(Sampoong Power Co., Ltd., Incheon, Korea) and integrated with a transformer (Taehwa
Electric Co., Seoul, Korea). The DBD reactor was filled with different catalysts in the space
between the dielectric barrier and the electrode to construct the plasma catalysis systems,
depending on specific experiments. The advantage of this system is that a relatively low applied
voltage can be used to form a plasma over a relatively large separation of the electrodes (~5
cm) [90]. Furthermore, the duration of residence has been proposed as one of the criteria
affecting the efficiency of the process [91]. The residence time can be improved by using the
dielectric-packed pellets inside the reactor. More details about the DBD reactor parameters used

in this work are summarized in Table 1.

Table 1. Parameters of DBD plasma catalysts reactors in this work

Dielectric | Discharge HV Catalysts
. barrier length electrode packed
Experiments (mm) OD (mm) | amount (g)
oD ID
(mm) | (mm)
Evaluation NOx removal over | 35 28 50 6 20
AgQ/ZSM5 and Cu/ZSM5
Removal of NOx and Soot 29 23 75 6 20
simulant
Degradation of styrene over 30 23 70 6 10
Pd/ZSM5

2.1.2 Corona reactor

The corona reactor consisted of a quartz cylinder with an inner diameter of 50 mm, two

perforated disk electrodes, and a monolith catalyst. Each of the two electrodes comprised a




stainless-steel perforated disk (50 x 2 mm) with 65 holes (each with a diameter of 3 mm),
covering both sides of the monolith. The gap between the high-voltage electrode and the
monolith surface was fixed at 2 mm, whereas the distance from the ground electrode to the
honeycomb surface was 0.5 mm. A frequency converter (Sampoong Power Co., Ltd., Incheon,
Korea) was adjusted to supply AC power at 400 Hz. The AC voltage from the frequency
converter was stepped up using a high-voltage transformer. The high-voltage DC power supply

was purchased from Taehwa Electric Co., Seoul, Korea. The corona plasma reactor is illustrated

in Fig. 2.2.
power
source
4
/\
[=)
[= |
[
+ . I,
| (.
Gas | my |
input | == /
\ /
\:\\j/
High voltage Honeycomb Ground
electrode

catalyst electrode

Fig. 2.2. lllustration of the corona plasma honeycomb catalysts reactor.

2.2. Experimental setup

2.2.1. General experimental setup for NOx and Soot removal using DBD plasma catalyst reactor

The schematic diagram of the experimental setup for NOy reduction in a fixed-bed DBD
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plasma reactor is shown in Fig. 2.3. The NOx removal was performed with a synthetic exhaust

gas whose composition was 10% oxygen, 3.7% H>0, 265 ppm n-heptane (C7H1s), 300 ppm NOx

(288 ppm NO and 12 ppm NO2), and N as balance. The total flow rate was 2 L/min. The

concentration

i

A L

Frequency
converter

Trans former

=8

000

)| N, Naphthalene

Water bath
CLS%Cy

T
\saturated naphthalene’ ~ Vent

Capacitor DBD Reactor

L7

NO, analyzer

FTIR

Fig. 2.3. Schematic diagram of the experimental setup for the removal of NOx and Soot.

of n-heptane in the feed gas stream was adjusted by its vapor pressure. The temperature of the

n-heptane containing flask was maintained at 15 °C. In the experiment for removal NOx and

soot simulant, 48 ppm naphthalene (C1oHs) was diluted with the gas stream by passing a mixture

of Oz and N2 through an Erlenmeyer flask containing naphthalene powder. The flask was kept

in a water bath at 17 °C. Subsequently, the flow passed through the saturated aqueous solution
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of naphthalene. Pure water was used when naphthalene was absent from the feed. The input
gases were controlled by mass flow rate controllers (MFC). The feed gas was passed through
the reactor placed in an electrical furnace with a proportional-integral-derivative (PID)
controller (DTF-50300, Daesung Science Co., Korea) that was controlled in the range of 150-
350 °C.

2.2.2. Experimental setup for styrene removal using DBD plasma catalyst reactor

Frequence
Transformer D Eli (a)

converter Y] ' '

’\/ e Oscilloscope Capacitor

=}
o)
5
g
Gas |5

output

Vent
Water bath D ai
0,
e o NO; analyzer
FTIR GC

High voltage
electrode

Fig. 2.4. (a) Schematic diagram of the experimental setup, and (b) the cut-away view of the

plasma catalytic reactor built in the gas cell.
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The removal of styrene by plasma-—catalytic reactor was performed in a packed-bed DBD
reactor system. Figure 2.4 presents the schematic diagram of the experimental setup. 5 L/min of
air containing styrene was fed into the reactor. The concentration of styrene at the reactor inlet
was adjusted by bubbling an appropriate amount of air through a flask containing pure styrene
liquid kept in a water bath at 20 °C and then mixing with the main air stream. The airflow rates
were regulated by mass flow controllers (MFCs, Atovac, Korea). All the experiments for the

styrene removal were carried out at room temperature and atmospheric pressure

2.2.3. Experimental setup for ethyl acetate removal using corona plasma-honeycomb catalysts
system

Figure 2.5(a) shows a schematic diagram of the experimental setup for this study. The
reactant gas was prepared by mixing air and EA to obtain the required concentration of EA (30
ppm (v/v). An air pump, of which the flow rate was adjusted by a ball flowmeter (RMA-25-
SSV, Dwyer, USA), was used to generate airflow, which was passed through the corona
discharge reactor containing the Pd/y-Al.Oz-honeycomb (¢50 x 50 mm) between the two
electrodes. The EA concentration was controlled by a mass flow controller (MFC, Model
1179A, MKS Instruments, Inc., Wilmington, MA, USA), and was obtained by bubbling air
through a flask containing pure EA liquid that was kept in a water bath at 5 °C. This gas stream
was then diluted with the main air stream. The desired humidity of the flow was achieved by
bubbling air through water and was controlled by changing the gas flow through the water at

room temperature.
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Fig. 2.5. (a) Schematic diagram of the experimental setup, and (b) the photo of corona

discharge plasma (applied voltage: 11.2 kV, GHSV: 9000 h*t, water vapor: 3%(v/v)).
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2.3. Materials and catalyst preparation

2.3.1. Pellets catalyst

Fig. 2.6. Image of the pellets used in this study.

The pellets catalysts (a-Al2O3 and ZSM5 (TOSOH Corp., Japan); pellet size: 3 mm)
were prepared by the incipient wetness impregnation method according to the following steps.
The pellets were impregnated with an aqueous solution of the nitrate salts contain transition
metals (AgNOs or Cu(NOs)2.3H20, or Pd (NOs)2.2H20). After the impregnation, drying at room
temperature for 3 h in air and 110 °C overnight was performed. Subsequently, the dried pellets
were calcined at 550 °C for 6 h. The metal loading on the pellets has been calculated depending
on different studies (i.e., Ago.o2/0—Al203, Ago.02/ZSM5, and Cuo 02/ZSM5, or Pdo.032/ZSM5). The

image of the pellets used in this study shows in Fig. 2.6.

2.3.2. Honeycomb catalyst
The cylindrical honeycomb monoliths (50 x ¢ 50 mm) (Fig. 2.7(a)) were obtained by
cutting a piece from a commercial cordierite honeycomb (Ceracomb Co., Korea). The

honeycomb consists of square cells in a parallel arrangement with a density of 300 cells per
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square inch (the dimensions of each cell being 1 x 1 mm) along the axial direction and separated
by thin walls with a thickness of 0.36 mm. A coating of Pd/y-Al>Oz was deposited on the surface
of the honeycomb monolith by the wash-coating method to form the catalytic layer.

Active sites

Monolith wall

EA\TARS)

Fig. 2.7. (a) Image of the bare honeycomb monolith, and (b) the honeycomb catalyst after
coating used in this study.

First, the honeycomb monolith was washed with ethanol, followed by drying in the oven
at 110 °C overnight. Then, y-Al>Os powder with an average particle size of 45 um (Sasol Puralox
SBa-200) was directly deposited on the monolith by immersing it into an y-Al203 slurry (a
mixture of y-Al203, SiO2, ethanol, and deionized water in a mass ratio of 1: 0.6: 3.5: 3.5). The
slurry was stirred for 1 h at room temperature and used to coat the honeycomb monolith by the
impregnation method. The excess gel inside the cells of the monolith substrate was blown off
by air. Afterward, the y-Al>Os/honeycomb was dried overnight at 110 °C in an oven. This
procedure was repeated three times until the coated layer was uniform.

The loading obtained by wash coating was determined by weighing followed by

calcination at 550 °C for 6 h in a tube furnace equipped with a proportional-integral-derivative
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(PID) controller (DTF-50300, Daeheung Science Co., Korea). The Pd introduced into the
Al,Oz/honeycomb was prepared by the incipient wetness impregnation method as follows: a
certain amount of palladium nitrate Pd(NO3)..2H>0 was dissolved in deionized water and the
Al>03/honeycomb monolith was soaked in this solution. Then, the monolith was dried overnight
at 110 °C in the oven before it was calcined at 550 °C for 6 h in a tube furnace. This procedure
was repeated three times, which allowed the Pd loading to be controlled at 3.5 wt.% (Pdo.o3s/y-
Al>0s/honeycomb). The honeycomb monolith structure is coated with Pd/y-Al>Oz as shows in
Fig 2.7(b). The supposition for the distributed active sites is illustrated based on literature [70],

[92].

2.4. Measurements and analyses methods

The instantaneous waveforms of the voltage applied across the electrodes were recorded
with a digital oscilloscope (Tektronix TBS 1064, 60 MHz) using a high voltage probe with a
DC attenuation ratio of 1000:1 (Tektronix P6015A). The voltage (\V(2)) across the capacitor (1
MF) was measured by a low-voltage probe (P6139B, Tektronix, USA) in the DBD reactor. The
power dissipated in the DBD reactor was estimated by the voltage-charge (V-Q) Lissajous figure
[93], [94], where the charge Q was measured from the voltage across a 1.0 pUF ceramic capacitor
connected to the ground electrode in series. A current transformer (Model 2100, Pearson, USA)
was used to measure the current of the DBD plasma reactor and the AC corona discharge. The
DC discharge current was measured by connecting a 500 Q resistor (r) to the plasma reactor in
series. A 10:1 voltage probe (Tektronix P6139B) was used to measure the voltage across the
non-inductive resistor. Optical emission spectroscopy (OES, Maya 2000Pro, Ocean Optics) was

used to analyze the plasma chemistry by positioning the spectrometer about 30 mm away from
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the plasma zone of the reactor.

The concentrations of NOx were measured by a gas analyzer (rbr-ecom-MK 6000,
Germany).

The decomposition rate of n-heptane, naphthalene, styrene, and ethyl-acetate was
derived by analyzing the composition of the gas reaching the outlet of the reactor using gas
chromatography (GC, DS6200, DS Science Inc., Korea, and DS-624, DS Science Inc., Seoul,
Korea) and a flame ionization detector (FID) ) with a flame ionization detector (FID).

A Fourier-transform infrared (FTIR) spectrometer (FTIR-7600, Lambda Scientific,
Australia) was used to measure the concentrations of CO> and other byproducts formed from
the NOy and VOC oxidation. A specially designed plasma-catalytic reactor built in an infrared
gas cell was used to record the FTIR spectra, which is illustrated in Fig. 2.4(b). The gas mixture
that was employed to analyze the by-products was composed of a high concentration of VOC
(i.e., 500 ppm styrene, and 300 ppm EA) diluted by air. The reason for increasing the
concentration is to facilitate the detection of reactive products.

The oil-like byproduct collected from the reactor was dissolved in acetone and then
analyzed by the FTIR and a gas chromatograph-mass spectrometer (GC-MS, QP2010Plus,
Shimadzu, Japan).

The concentration of ozone was monitored by a chemical detector (No.18 M, Ozone,
Gastec Corp., Japan). The water vapor content was monitored using an indoor air quality meter
(Model 8762, TSI Inc., USA). The temperature of the outlet gas was measured at intervals of
oxidation time using a thermocouple placed downstream 20 mm away from the ground
electrode, as depicted in Fig. 2.4(a).

The surface morphology was observed and the semi-quantitative compositional analyses

of the honeycomb catalyst were carried out by using scanning electron microscopy (SEM)
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(MIRA3, TESCAN instrument, Czech Republic). The X-ray diffraction (XRD) patterns were
recorded on a PANalytical EMPYREAN instrument using monochromatic Cu-Ka radiation.

The scan ranged from 5 to 90° (20) at a scanning rate of 2° (20)/min.

2.5. Calculation methods
The average discharge power (P) delivered to the reactor was calculated by equation (1).
The specific input energy (SIE) was defined by the ratio of the power to the gas flow rate at

room temperature and atmospheric pressure as in equation (2) [29], [43], [44].

T
Discharge power, P(W) = %fOTV(t) x I(t) dt = ftt°+T2 Vpgp (t).dq(t)
077
v, -v@. vy,
= fCIL (" ———H VP,V (1)
e _ PW) S
Specific input energy, SIE(J/L) = Q) 60 (ﬁ) (2)

Here, V(Y and V/(t) is the applied high voltage, V(® is the voltage across the 1-pF capacitor,
current (I(t) (A), P is the discharge power (W), Q is the flow rate, and n denotes the number of
data points recorded by the oscilloscope. For this work, n was 2,500.

The root mean square of the current (Irms) was determined by Eq. 3.

Current, lrms (MA) = |21, % (3)

where | is instantaneous current values

The energy efficiency (EE) was calculated using Eq. (4).

Energy efficiency, EE (g/kWh)= weigh of C,HgO, conversion (g) _ 3.6 X 88.11 X n X Cjpy (4)

Energy consumption (kWh) 24.45 x SIE

Here Cin (ppm) is the inlet concentration of ethyl-acetate (CsHgO-); 1mol of ethyl-acetate

weights 88.11 g; 1 mol of gas under atmospheric conditions and experimental operating

19



temperature (298 K) has a volume of 24.45 L; 3.6 is a factor to obtain g/kWh corresponding
concentration unit as ppm.
The efficiency of NOx reduction (X (%)) was calculated by [83], [95].

in out
CNOX_ C

NOx conversion efficiency, X (%) = —T0% % 100% (5)
NOx

where CNiSX is the concentration of NOx at the inlet, and Cyp\ is the concentration of the NOx at
the outlet of the reactor.
The conversion efficiency of n-heptane, styrene, and ethyl-acetate was determined from

the concentrations of the feed and effluent as follows [29], [43]:

In _COut
CxHyOz  “~CxHyOz

C
Conversion efficiency, H (%) = X 100% (6)

In
CexHyoy

where C and C24t . are the concentrations of n-heptane, styrene, and ethyl-acetate at
CxHy 0, CxHy O,

the inlet and the outlet of the reactor, respectively.

The selectivity towards CO2 ( S¢o,) was defined as follows:

Outlet
Ceo,

CO; selectivity, S, =

qw 5 X 100% (")

In
m X (C¢yny0,~Cexhyo,)
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CHAPTER 3
LOW-TEMPERATURE HC-SCR OF NOx AND SOOT REMOVAL USING

PLASMA COUPLED WITH CATALYSTS

The experimental setup and catalyst preparation for this work was presented in sections

2.2.1 and 2.3.1 (chapter. 2).

3.1. Evaluation of low-temperature NOx removal over Ag/ZSM5 and Cu/ZSM5 catalysts

coupled with plasma

Redrafted from:

V. T. Nguyen et al., IEEE Trans. PLASMA Sci., vol. 48, no. 7, pp. 2448-2456, 2020

3.1.1. Characterizations of the catalysts
1. SEM

Scanning electron microscopy was carried out on a MIRA3 TESCAN instrument. The
SEM images and EDS spectra of the samples are presented in Fig. 3.1 where it can be seen that
the Ag* and Cu?* particles are well dispersed. The presence of Ag and Cu crystals on the surface
of ZSM5 can be considerably enhanced the catalytic activity in comparison with conventional

zeolites.
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Fig. 3.1. SEM images of the samples (a) 2 wt.% Ag/ZSM5, (b) 2 wt.% Cu/ZSM5 and the

corresponding EDS spectra.

2. XRD

The structure and crystallinity of the catalysts were examined by X-ray diffraction
(XRD). The XRD patterns of the catalysts were analyzed by a PANalytical EMPYREAN
instrument using monochromatic Cu-Ka radiation. The XRD data were collected from 5 to 90°
(20) at a scanning rate of 2° (20)/min. Figure 3.2 shows the XRD results for the bare ZSMS5,
Ag/ZSM5, and Cu/ZSM5. These results indicated the absence of peaks associated with the
crystalline phase of Cu?* and Ag®, suggesting that the Cu?* and Ag* deposited on the surface of
the ZSM5 zeolite were well dispersed. Furthermore, the characteristic reflections of Cu?* and

Ag* were not discernible because of their low concentration.
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Fig. 3.2. XRD patterns of the ZSM5, Ag/ZSM5, and Cu/ZSM5.

3. Catalyst absorption capacity

The adsorption capacities of the catalysts for n-heptane were evaluated in a fixed bed
reactor at 100 °C. The inlet mixture contained 85 ppm n-heptane, 10% oxygen, and 3.7% H20.
As shown in Fig. 3.3, most of the n-heptane in the feed gas was adsorbed on the catalyst in the
first 2 min, which was followed by a sharp increase in the n-heptane concentration during the
next 10 min, indicating that the catalyst was saturated with the hydrocarbon. The adsorption
capacity of the bare ZSM5 was lower than those of the metal-loaded ZSM5. This result is
consistent with the previous study [96]. In addition, the result also indicated that the adsorption
capacity of the Ag/ZSM5 catalyst was higher than that of the Cu/ZSM5 catalyst, which also

agrees with the literature [97].
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Fig. 3.3. The adsorption capacity of n-heptane by the catalysts at 100 °C (total flow is 2
L/min, which includes 85 ppm n-heptane, 3.7% H20, 10% O with the balance being N2, 1g

catalysts).

The adsorption capability is closely related to the pore structure of the catalyst that can
contain reactants, active species, and reaction products. The diffusion of NO, NO2, hydrocarbon,
and plasma-generated active species into zeolite micro-pores causes heterogeneous reactions for
NOx removal. The oxidation of NO to NO by plasma occurs mainly in the gas phase. Thus, it
can be said that both homogeneous and heterogeneous reactions take place in the plasma-
catalytic system. The pore size calculation of ZSM5 was carried out in previous studies that
reported an average pore size of approximately 10 nm determined from transmission electron

microscopy measurements [98], [99].
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Fig. 3.4. The evolution of gas composition obtained with and without plasma: (a) NO and
NO:z concentration, (b) n-heptane concentration, and (c) CO, concentration (the temperature
was increased from 150 to 350 °C within 50 minutes and maintained at 350 °C, Ag/ZSM5

catalyst, applied voltage 9 kV).

The results in Fig. 3.4(a) show that a considerable amount of NO2 and a small part of

NO were adsorbed on the Ag/ZSM5 catalyst in the early stage. This result is consistent with the
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previous study [100]. The presence of O in the gas stream promoted the adsorption under
plasma because NO was easily oxidized to NO2. As shown in Fig. 3.4(b) and (c), the
concentration of n-heptane in the output gas stream was very low, and CO, was not observed in
the early stage even in the presence of plasma. This result clearly shows that both n-heptane,
CO., and NO> were efficiently adsorbed by the catalyst at low temperatures. As the temperature
increases, adsorption generally decreases but catalytic activity increases. The reason that the NO
concentration continued to decrease after the initial stage can be interpreted by the increase in

catalytic activity due to the increased temperature.

3.1.2. NOy removal over Ag/ZSM5 and Cu/ZSM5 coupled with plasma
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Fig. 3.5. Dependence of the efficiency of NOx removal on SIE and the operating temperature
over (a) Ag/ZSM and (b) Cu/ZSM catalysts coupled with plasma (total flow is 2 L/min, which

includes 300 ppm NOy, 265 ppm n-heptane, 3.7% H-0, 10% O with the balance being N>).

As mentioned above, although the Ag/ZSM5 catalyst capacity than Cu/ZSMD5, its

efficiency in terms of NOy reduction at low temperatures was still low. In the absence of plasma,
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the catalyst becomes effective at high temperatures. So as to achieve a high NOx removal rate
at low temperatures below 350 °C, the catalyst was combined with plasma. Firstly, the
efficiencies of the Ag/ZSM5 and Cu/ZSM5 catalysts for NOx reduction were evaluated in the
range of 150-350 °C. The results in Fig. 3.5 exhibit that the plasma-catalyst can enhance the
efficiency of NOy reduction at low operating temperatures. The oxygen in the gas stream had a
positive effect on the removal of NOx even at low temperatures under the influence of plasma
[101], [102]. The presence of O in the flue gas may be essential because of the formation of Os
and O by the plasma, which can oxidize NO to NO>. Note that NO> is more easily adsorbed on
the active sites of the catalyst than NO [100]. The dielectric barrier discharge can provide
reactive species such as electrons, excited species, and radicals (O3, OH, and O) at low

temperatures.
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Fig. 3.6. Comparison of NO conversion efficiency over Ag/ZSM5 and Cu/ZSM5

catalysts coupled with plasma.

27



In addition, the use of electrical discharge can enhance the activation of the catalyst
surface to increase catalytic NOx conversion. The increase in the applied voltage had a positive
effect on NOx removal at low operating temperatures. The efficiency of NOx conversion over
the Ag/ZSM5 catalyst increased from approximately 20% to over 70% according to the increase
of SIE from 0 to 90 J/L at 200 °C, whereas 10% to about 40% over the Cu/ZSM5. In the case
of DBD, the voltage in the discharge gap remains generally independent from the applied
voltage when the voltage change remains slow [103]-[105]. The increase of the applied voltage
increased the number of micro-discharges, in turn increasing the discharge power and current
[106]-[108]. As a result, the number of energetic electrons, radicals, and ions in the plasma
region increased, which accelerated the NOx reduction reactions. Figure 3.6 presents the
conversion of NO as a function of the operating temperature. NO conversion by the Ag/ZSM5
catalyst was much higher than that of the Cu/ZSM5. However, a significant decrease in NOx
removal rate was observed at 350 °C. This result can be explained as follows. At a high
temperature of 350 °C, the combination of plasma is not needed because the catalytic activity
itself is good. The presence of plasma can have a negative effect on the NOx removal rate
because some radicals such as O generated in the plasma region can reduce NO> back to NO
[83], [108], [109]. As well, the reaction between O2 and N2 to generate a considerable amount
of NOy also decreases net NOx removal efficiency [110]. For the above reasons, it is necessary
to turn off the plasma at high temperatures. In summary, the NOx removal rate can be above
80% in Ag/ZSM5 catalyst coupled with plasma in the low operating temperature range below
350 °C.

In the presence of plasma, the n-heptane decomposition was also significantly enhanced.
As seen in Fig. 3.4(b) and Fig. 3.7, the decomposition of n-heptane increased significantly with

increasing the operating temperature and energy density. Moreover, the decomposition of n-
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heptane and the concentration of CO2 when using the plasma-catalyst were higher than those in

the catalyst alone. For example, the consumption of n-heptane at 250 °C reached approximately

50% with the catalyst alone, whereas it exceeded 80% with the plasma-catalyst under the same

condition, which resulted from the oxidation process enhanced by the plasma.
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Fig. 3.7. Effect of SIE and the operating temperature on the decomposition of n-heptane, the concentration of

CO,, and the selectivity of CO, based on Ag/ZSM5 and Cu/ZSM5 catalysts coupled with plasma (total flow is 2

L/min, which includes 300 ppm NOy, 265 ppm n-heptane, 3.7% H»0, 10% O, with the balance being Ny).

29




3.1.3. Effect of H2O on NOy reduction and storage capacity

In reality, exhaust gas contains 5—10 % water vapor by the combustion process of fossil
fuel. The presence of H20 in the gas stream considerably affects the efficiency of NOx reduction
by the catalyst in that it reduces the NOx adsorption capacity on the catalyst surface [96], [111].
To evaluate the effect of H2O on NOx reduction, a comparison was made between with and

without H20 in the gas stream.
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Fig. 3.8. Effect of H2O on NOx reduction efficiency over Ag/ZSM5 catalyst (operating
temperature was increased from 150 to 350 °C within 40 minutes and maintained at 350 °C
based on Ag/ZSM5 catalyst with 3.7% H>0 and without H>O, total flow 2 L/min, 300 ppm

NOy, 265 ppm n-heptane and 20g catalyst).

The results in Fig. 3.8 revealed that most of NO> and a fraction of NO were adsorbed on
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the catalyst surface at low temperatures and NOx reduction took place at high temperatures.
Humidity significantly reduced the adsorption performance of NO rather than NO at low
temperatures. However, the effect of moisture was negligible at high temperatures where good
catalytic activity was exhibited. Zeolites with a high specific surface area can absorb a large
amount of H>O. The competitive adsorption as a result of H>O decreases the adsorption
capability of NOx [96], [100], [111]. Furthermore, the adsorbed water could increase the
oxidation process of C7H1e in the DBD plasma reactor, resulting in the shortage of reducing
agents and thereby dropping off the NOx removal efficiency. From another point of view, H>O
can also have a positive effect on the overall reaction in catalyst coupled with plasma [112].
H>0 can be activated in the plasma environment, generating H and OH radicals as a result of
electron collisions with water molecules. The OH radicals can promote the conversion of NO
into NO2 and NO- into HNO3 [113]. On the other hand, the adsorbed H>O had an undesirable
effect on the discharge power. The presence of water molecules can reduce energy density by

consuming high-energy electrons, resulting in a decrease in the NOx removal rate.

3.1.4. Role of HC-SCR in the efficiency of NOy reduction

The HC-SCR in the gas stream plays an important role in the reduction of NOx over the
plasma catalyst. The positive effect of hydrocarbon on NO conversion in presence of plasma
can be explained by the suppression of back-reaction of NO, to NO [108], [113]-[115]. To
elucidate the role of n-heptane in the NOx reduction, the reaction temperature was varied from
150 to 350 °C within 40 min and then maintain at 350 °C for both with and without 265 ppm n-
heptane. The Ag/ZSM5 catalyst coupled with plasma was used. The temporal variations of NO
and NO- that were obtained by increasing the temperature from 150 to 350 °C within 40 min

were plotted in Fig 3.4(a) and Fig. 3.9. An interesting observation is that the plasma catalyst did
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Fig. 3.9. Role of HC-SCR on NOxy reduction efficiency over Ag/ZSM5 catalyst
coupled with plasma (operating temperature was increased from 150 to 350 °C within 40
minutes and maintained at 350 °C based on plasma catalyst with and without n-heptane,

applied voltage 9 kV).

not show significant activity for the direct oxidation of NO in the absence of the reducing agent,
whereas the presence of n-heptane in the gas stream as a reducing agent improved the conversion
of NO [113]. The result typically indicated that the conversion of NO was approximately 100%
in the range of 200—-300 °C. This result suggests that both O atom and HO- radicals participated

in the oxidation of NO to NO2. The HO2, O3, O, OH, and RO radicals (R is a hydrocarbon
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radical) are known to be the products of plasma chemistry [108], [115], [116]. In the absence of
n-heptane, the reduction of NOy at low operating temperatures is difficult. In fact, the main
function of plasma is to promote the oxidation reaction of NO to NO.. Thus, the efficiency of
NOx reduction is very poor in this case even when applying plasma, as shown in Fig. 3.9. As
mentioned above, the hydrocarbon suppresses the reaction of NO> back to NO when plasma is
used [113], [115]. A noticeable phenomenon is that the shapes of the NO conversion curves are
significantly changed at the operating temperature of 350 °C. The conversion of NO was
observed to decrease when plasma was applied at an operating temperature exceeding 350 °C.
This phenomenon reaffirmed the adverse effects of plasma on the efficiency of NOx removal at

high operating temperatures.

3.1.5. Effect of temperature on discharge

The effect of the operating temperature on the discharge power was investigated by
varying the temperature from 150 to 350 °C and the applied voltage from 8 kV to 14 kV. Figure
3.10 presents the discharge power of DBD plasma as a function of the applied voltage and the
operating temperature. The results revealed that the temperature of the gas significantly affected
the discharge power. Increasing the operation temperature increased the amount of charge,
which led to an increase in the area of the Lissajous voltage-charge figure. Increasing the voltage
significantly increased discharge power, too. According to the Lissajous figure method, the
discharge power can be estimated by the area of the voltage-charge figure [93]. The resistance
and capacitance depend on the temperature. Furthermore, the current (the root of mean square
or Irms) also depended on the operating temperature and the applied voltage as shown in Fig.
3.10(b). The results showed that the current increased as the temperature increased at the same

applied voltage. The increase in Irms Suggests that more micro-discharges occurred in the plasma
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Fig. 3.10. Discharge power as a function of the operation temperature and applied voltage.

zone [106]-[108], intensifying the discharge and generating more reactive species such as
electrons, excited species, and radicals. Interestingly, the magnitude of the voltage at high
operating temperature tended to decrease, as revealed in Fig. 3.10. The value of the applied
voltage depends on the operating temperature. At 30 J/L of SIE, the applied voltage was
approximately 12 kV at 150 °C while it was only 8.3 kV in the case of 350 °C. At high gas
temperature, the required potential for gas ionization is lowered, which results in the change of
discharge power, voltage, and current. Indeed, the efficiency of NOx reduction and the
consumption of n-heptane depended on the discharge power. From the energy use point of view,
the optimal condition for a high NOx removal rate at low temperatures should be the condition
exhibiting minimal energy consumption. At 150 °C, the energy density was around 90 J/L with
Ago.02/ZSM5 for achieving NO conversion over 95%, but, at 250 °C, the same NO conversion
can be achieved at the energy density of about 60 J/L. Therefore, appropriate energy density

should be determined by considering both desired NOx removal efficiency and gas temperature.
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3.2. Plasma-assisted selective catalytic reduction for low-temperature removal of NOx and
Soot simulant
Redrafted from:

V. T. Nguyen et al., Catalysts, vol. 9, no. 10, pp. 855-869, 2019.

3.2.1. Effects of plasma input parameters on discharge power
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as balance; acquire mode of the oscilloscope: the average of 128 waveforms).
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Figure 3.11 indicates an increase in discharge power as a function of the temperature
and applied voltage. According to the Lissajous figure method [93], the deposition of the input
energy of the DBD system depends on the applied voltage and electrical charge of DBD.
Consequently, high-amplitude voltage led to considerable discharge power. The discharge
power also increased at high temperatures, which can be explained by an increase in the DBD
charge. Indeed, the discharge power can be estimated by the area of voltage-charge figures.
When the amplitude of the voltage was maintained while increasing the operating temperature,
the amount of charge increased and, in turn, the area of the voltage-charge figure, as well as the
discharge power, became large [95]. This figure also demonstrates that the presence of n-heptane
and naphthalene at the level of a few hundred ppm could change the discharge power
significantly. This phenomenon was also observed when the CHF3 concentration was changed to
a few thousand ppm in the feed in the DBD discharge [117]. Equation (8), which is adapted from
published work [118], can be used to estimate the discharge power that is suitable for the
plasma-catalyst system and the sinusoidal voltage waveform in this experiment. As understood
from Equation (8), the inclusion of n-heptane and naphthalene in the feed can significantly
change R and Ccg, due to the changes in the gas composition and the surface properties of the
catalyst when adsorbing the reactants. Moreover, the resistance and capacitance of the materials
strongly depend on the temperature. In summary, the discharge power strongly depends on the
applied voltage and the temperature of the plasma system. The dependence of the discharge
power on the gas composition in the feed followed the order (C1oHs + C7H16) < C7H16 < C1oHes,
which was correlated with the concentration of CO> produced during the experiments, i.e., the
CO2 produced was in the order: CioHs < C7H1s < (C10Hs + C7H16). This suggests that the

discharge power tended to decrease as the concentration of CO: in the discharge zone increased.
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where

VDBD is the amplitude of the voltage applied to the reactor
R is the equivalent resistance of the reactor system
Cqq is the equivalent capacitance of the catalyst and gas gap

Cq is the absolute capacitance of the dielectric layers.

3.2.2. Removal of NOyx and soot simulant by SCR coupled with plasma
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Fig. 3.12. NOx and naphthalene removal by plasma-catalyst at various temperatures and
specific input energy (SIE) (a) NOx conversion, (b) concentrations of NO and NO3, (c)
naphthalene conversion, and (d) selectivity toward CO: (total flow rate of 2 L/min including

300 ppm NO, 48 ppm naphthalene, 3.7% H20, 10% O, and N2 as balance).
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Naphthalene (soot simulant) played the role of the reducing agent in the SCR of NOx as
shown in Fig. 3.12(a). The conversion of NOx was 8 to 20% in the temperature range of
200-350 °C along with an SIE of 0-210 J/L. The SIE is defined as the power in W divided by
gas flow rate in L/s. The removal of NOy tended to increase with the increasing temperature and
SIE. The previous reports indicated that without a reducing agent, NOx removal neither occurred
in the plasma nor the plasma-catalyst processes, only in the oxidization of NO to NO [42,50].
Naphthalene containing two aromatic rings can function as a reducing agent [27,56]. Similar to
other hydrocarbons, naphthalene produces partially oxidized intermediate products.
Subsequently, NOx reduction is performed via chemical reactions with the intermediate
products. For this experiment, the concentration of naphthalene was 48 ppm. It is argued that
this low concentration is the reason for the low NOyx removal. Fig. 3.12(b) shows the
concentration of NO and NO2 when the temperature varies from 200 to 300 °C and SIE varies
from 0 to 210 J/L. This demonstrated that a part of NO was oxidized to NO: in the presence of
plasma. The catalytic destruction of naphthalene hardly occurs at low temperatures because it is
stabilized by resonance hybrid, i.e., high temperature and high SIE are needed for the
decomposition of this compound. Figure 3.12(c) indicates that, even at an operating temperature
of 350 °C, naphthalene conversion was approximately 40%. However, almost all naphthalene
was destroyed with SIE above 90 J/L in the temperature range of 200-350 °C. Furthermore, the
selectivity toward CO- increased as the temperature and SIE increased, as shown in Fig. 3.12(d).
Overall, the soot simulant (naphthalene) can function as a reducing agent of SCR for NOx
removal. Further, poor catalytic destruction of naphthalene at low temperatures can be overcome
with the help of plasma. According to the above results, the soot simulant can act as a reducing

agent for SCR of NOx. However, the efficiency of NOx removal was not satisfactory with 48
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ppm naphthalene tantamount to a C/N ratio of 1.6 (the ratio of carbon concentration in the

hydrocarbon to nitrogen concentration in NOyx). Previous reports indicated that n-alkane is an

effective reducing agent for the HC-SCR process [29], [73].
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Fig. 3.13. NOy and naphthalene removal by plasma-catalyst at various temperatures and SIE

values (a) NOx removal efficiency, (b) naphthalene conversion, (c) n-heptane conversion, and

(d) selectivity toward CO- (total flow rate of 2 L/min including 300 ppm NO, 48 ppm

naphthalene, 265 ppm n-heptane, 3.7% H-0O, 10% O, and N as balance).

In general, dodecane (C12H26) can represent diesel fuel. However, this component has

low vapor pressure, making it difficult to vaporize and inject into the feed gas. Thus, for the
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simplicity of the experimental procedure, n-heptane having relatively low vapor pressure was
used as a reducing agent instead of dodecane. The effect of n-heptane on the simultaneous
removal of NOy and the soot simulant was examined at temperatures ranging from 200 to 350
°C and SIE from 0 to 210 J/L. The results are shown in Fig. 3.13. The efficiency of NOx removal
increased sharply when a combination of plasma and n-heptane was used, as shown in Fig.
3.13(a-b). Specifically, at an operating temperature at or below 250 °C, the presence of only n-
heptane did not remove NOx and naphthalene. On the other hand, increasing the SIE value
increased the removal of NOyx and naphthalene. At an operating temperature of 300 °C, NOx
removal without plasma was approximately 22%, whereas a sharp increase was observed in the
presence of plasma. The conversion of naphthalene also largely increased to 62-90%, depending
on the SIE value. The efficiency of both NOx and soot simulant removal increased in the
presence of n-heptane at 350 °C or across the entire temperature range when coupled with
plasma. Fig. 3.13(c) demonstrates that there is a correlation between the increase in NOx
removal and n-heptane conversion. This also suggests that n-heptane is the main reducing agent
for the NOx removal process. The tendency of CO: to be produced from n-heptane as well as
naphthalene increasing with the operating temperature and SIE is shown in Figure 3.13(d). This
indicates that, at a high temperature and input energy, complete oxidization of n-heptane and
naphthalene to CO> occurred, i.e., the selectivity toward CO: is nearly 100% at 350 °C and SIE
>80 J/L. The presence of n-heptane, at operating temperatures at or above 300 °C or the presence
of plasma at low temperatures, can account for the increase in NOyx and naphthalene removal.
This is in line with the previous report [29], which indicated that the conversion of n-heptane to
derivative hydrocarbons or CO; started to occur at 290 °C over the catalyst, whereas the plasma-

catalyst process-induced n-heptane conversion at a low operating temperature. Consequently,
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with the catalyst alone, n-heptane neither enhanced the removal of NOx nor that of naphthalene

at a low operating temperature (<250 °C), as shown in Fig. 3.14.
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Fig. 3.14. NOy removal efficiency and conversion of n-heptane and naphthalene by the
catalytic process with/out n-heptane and naphthalene at various operating temperatures (total
flow rate fixed at 2 L/min, including 300 ppm NO, 48 ppm naphthalene, 265 ppm n-heptane,

3.7% H20, 10% O, and N as balance).

The conversion of NOx and n-heptane by the catalytic process decreased in the presence of
naphthalene. These phenomena are caused by the adsorption of naphthalene on the catalyst,
which deactivates the catalytic active sites. However, the issue was solved by using plasma.

Consequently, at high SIE (>90 J/L) and operating temperatures at or above 300 °C, more than
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70% of NOy, naphthalene, and n-heptane were converted.
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Fig. 3.15. Concentrations of NO and NO: as a function of SIE for different gas compositions
at 250 °C (total flow rate of 2 L/min including; 300 ppm NO, 265 ppm n-heptane, 48 ppm

naphthalene, 3.7% H>0, 10% O, and N as balance).

Figure 3.15 demonstrates the difference between using 48 ppm naphthalene (C/N = 1.6)
and 265 ppm n-heptane (C/N = 6) as a reducing agent during the NOyx removal process at an
operating temperature of 250 °C. A larger amount of NO is converted or oxidized to NO2 when
n-heptane is present in the feed gas. However, the presence of naphthalene presented little
conversion or oxidization of NO. Regarding the mechanism during NOx removal by the plasma-

catalyst (R1-R6), NO can be oxidized to NO>, which is allowable according to R1-R2. In fact,
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in the absence of hydrocarbon, NOx was not removed by using the plasma-catalyst process.
However, in the presence of hydrocarbon in conjugation with plasma, NOx removal can be
performed by other reactions (R3-R6), which are also adapted from the same paper [29]. The
difference between n-heptane and naphthalene during the NOyx removal process can be
explained by the differences in the molecular structure (naphthalene: polycyclic aromatic
hydrocarbon; n-heptane: straight-chain hydrocarbons) and in the bond dissociation energies
(BDEs) of C-H and C-C in naphthalene and n-heptane. For information, the BDEs of C-H and
C-C of n-heptane are (410-415.7 kJ/mol) and (361.0-368.2 kJ/mol), respectively, whereas
those of naphthalene are (469.4-482.8 kJ/mol) [57]. Another reason was that the total carbon
concentration in 265 ppm n-heptane (1855 ppm carbon) was higher than that of 48 ppm

naphthalene (480 ppm carbon).

NO + O+ +e/M — NO; + e/M (R1)
NO + O3 + e/M — NO; + e/M (R2)
HC + O+ +e/M — *R, RO, RO2, OH, ... + ¢/M (R3)

NO + ROz + ¢/M — NO2 + RO + e/M (R4)
NOx + *R — Products (R5)
NOx + CxHyO; + ¢/M — N2 + CO2 + H20 + e/M (R6)

Here, e denotes energetic electrons, and M stands for excited molecules.

3.2.3. Removal of NOy and soot during operating temperature fluctuations
The temperature of the exhaust gas ordinarily fluctuates and depends on the
operating state; e.g., the gas temperature of diesel-powered passenger cars fluctuates in

the range of 180—350 °C [119]. This suggests that the efficiency of NOx and soot removal
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over a catalyst subjected to temperature fluctuation is a factor when evaluating the

catalyst for potential practical applications. This section discusses the removal of NOx

and soot by
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Fig. 3.16. (a) Evolution of NO and NO> during the temperature increase from 150 to 350 °C at
a rate of 3 °C/min and then being maintained at 350 °C for both catalyst and plasma-catalyst,
(b) changes in discharge power with temperature, and (c) average NOx conversion in the first
70 min (total flow rate of 2 L/min including; 300 ppm NO, 48 ppm naphthalene, 265 ppm n-

heptane 3.7% H>0, 10% Oz and N as balance).
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increasing the temperature at a rate of 3 °C/min in the range of 150-350 °C and by
increasing the average SIE within the first 70 min from 0 to 177 J/L. The catalyst
temperature window was expanded by the presence of plasma, as shown in Fig. 3.16. As
seen, the catalyst-alone process reduced the concentration of NOy effectively when the
operating temperature was above 300 °C. On the contrary, the plasma catalyst can obtain
a low concentration of NOx at operating temperatures from 150 °C upward. The
concentration of NOx decreased with increasing SIEayg. However, at high temperatures
(= 300 °C) and high SIE (177 J/L), the NOx concentration increased slightly due to the
generation of NOx by plasma, as shown in Fig. 3.16(a). As indicated by the above result,
the discharge power depends on the discharge state, i.e., the temperature, applied voltage,
and gas composition. Therefore, during temperature fluctuation, the discharge power
necessarily changed with the processing time. As seen in Fig. 3.16(b), the discharge
power was getting increased with the operating temperature. The average SIE, i.e.,
SIEavg, can be estimated using Eq. 9, and the average NOx using Eq. 10. As a result, the
average NOx removal within the first 70 min as a function of the average of SIE was
plotted and is shown in Fig. 3.16(c). This suggests that poor NOy removal under the
conditions of temperature fluctuation during the catalytic process can be improved by the

combination of plasma with an average SIE of 60-120 J/L.
T
SIEqyg = — J, P(Ddt )
Conversionayg = 1 — %fOT(CE)dt (10)

Here, F denotes total flow rate, [t1 - t2] is the time duration for collecting data during

temperature fluctuation, and the subscript “avg” indicates the average value.
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The ratio of the concentration at the outlet and inlet (C/C,) for both naphthalene and n-
heptane during the temperature program (150-350 °C at a rate of 3 °C/min) is shown in Fig.
3.17. These conversions can be also estimated by equation 10. The initial increases of
naphthalene at low SIEayg can be explained by desorption. Due to its low vapor pressure,
naphthalene adsorbed at low temperatures, after which it underwent desorption at high operating
temperatures. Here, the temperature at which C/C, of naphthalene reached a maximum value
decreased as the SIE increased, which is a result of the decomposition of naphthalene by plasma.
Specifically, the temperature showing maximum for the catalyst-alone process was 315 °C,
whereas the temperatures showing maximum decreased to 270 and 250 °C with SIEayg of 14.5

and 56.5 J/L, respectively.
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Fig. 3.17. Evolution of concentration ratio of outlet and inlet (C/Co) of naphthalene and n-
heptane during the temperature increase from 150 to 350 °C with a rate of 3 °C/min and then

maintained at 350 °C for both catalyst and plasma-catalyst (the conditions are the same as in

Fig. 3.16).
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Not only the temperatures showing maximum, but also C/C, of naphthalene largely decreased
with the combination of plasma. In the case of high SIEayg of 114.4 and 177.0 J/L, almost all
naphthalene in the feed was removed. In contrast to naphthalene, the concentration of n-heptane
did not show maximum and decreased as the SIE and operating temperature increased. The
difference between n-heptane and naphthalene is due to their adsorption capabilities and vapor
pressures. Note that the vapor pressure of n-heptane (3,985 Pa at 290 K) is greater than that of
naphthalene (4.9 Pa at 290 K). The presence of plasma-enhanced the removal of NOx and

naphthalene under fluctuating temperature conditions.

3.3. Summary

This work presented catalytic NOx removal coupled with plasma in a wide temperature
range below 350 °C. Ag and Cu supported on ZSM5 zeolite were used as the catalysts to remove
NOx. The results showed that the NOx removal rate over Ag/ZSM5 was higher than that over
Cu/ZSM5. The NOyx removal efficiency based on Ag/ZSM5 catalyst coupled with plasma
exceeded 80% at low operating temperatures. The oxidation of NO to NO2 was approximately
100% at temperatures of 200-300 °C. Plasma-catalytic NOx removal mechanisms at low
temperatures were discussed. This article demonstrated that the plasma-coupled Ag/ZSM5
catalyst can be an efficient solution for low-temperature NOx removal.

In the case of NOx and the soot simulant removal simultaneously from diesel emissions
in a fixed-bed DBD reactor in the temperature range from 150 to 350 °C. The results
demonstrated that the use of a plasma-catalyst process at low operating temperatures increased
the removal of both NOx and naphthalene (soot simulant). Moreover, the soot simulant
functioned as a reducing agent for NOx removal, but with low NOx conversion. The high

efficiency of NOx removal required the addition of hydrocarbon fuel. In summary, the combined
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use of the catalyst and plasma (specific input energy, SIE > 60 J/L) solved the poor removal of
NOyx and soot at low operating temperatures or during temperature fluctuations in the range of
150-350 °C. Specifically, highly efficient naphthalene removal was achieved with low-
temperature adsorption on the catalyst followed by the complete decomposition by the plasma-

catalyst at 350 °C and SIE of 90 J/L.
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CHAPTER 4

PLASMA ASSISTED CATALYSIS FOR VOC DECOMPOSITION

The experimental setup and catalyst preparation for this work was presented in sections

2.2.2 and 2.3.1 (chapter. 2).

4.1. Degradation of styrene in a nonthermal plasma-catalytic system over Pd/ZSM-5

catalyst

Redrafted from:

V. T. Nguyen et al., Plasma Chem. Plasma Process., vol. 40, no. 5, pp. 1207-1220, 2020.

4.1.1. Characterizations of the catalysts

SEM HV: 15.0 kV VV-D: 5.19 mm
SEM MAG: 50.0 kx Det: In-Beam SE

s :
A
SEM HV: 15.0 kV WD: 5.03 mm | |

SEM MAG: 50.0 kx Det: In-Beam SE 1pm

Fig. 4.1. SEM images of (a) the Pd/ZSM-5 catalyst before, and (b)after the reactions.
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Figure 4.1 shows the SEM images of the Pd/ZSM-5 before the reaction and after the
reaction. The particle size of Pd before the reactions (Fig. 4.1(a)) was found to be larger than
that after the reactions (Fig. 4.1(b)). This change in the particle size distribution indicates that
the plasma treatment of the catalyst can lead to highly dispersed metal clusters. According to
the previous study [120], the metal particles supported on the surface can act as electron sinks,
and thus strong Coulomb repulsions existing between the electrons captured on the same particle

results in splitting it up.
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Fig. 4.2. XRD patterns of the bare ZSM5 and Pd/ZSM5 before and after the reactions.
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The change in the Pd particle size can be further confirmed by the X-ray diffractograms.
Fig. 4.2 presents the XRD patterns for the bare ZSM5 and Pd/ZSM5 before and after the plasma-
catalytic reactions. The ZSM5 crystalline structure was maintained regardless of the plasma
treatment. It is noteworthy that the peak related to the crystalline phase of Pd?* before the
reactions is bigger in height than that after the reactions. The bigger peak implies that the particle
size is bigger, and vice versa, which agrees well with the SEM images in Fig. 4.1. As
aforementioned, this result can be explained by the improved dispersion of Pd particles over the

ZSM5 surface as a result of the plasma treatment.

4.1.2. Styrene adsorption and decomposition

Figure 4.3 shows the styrene uptake capabilities on the Pd/ZSM5 catalyst, which was obtained
by measuring the outlet concentration of styrene as a function of adsorption time. The airstream
containing 40 ppm of styrene was passed through the catalyst bed, and the catalyst was saturated
with styrene in 12 h. At the very beginning of the adsorption, styrene was almost completely
absorbed by the catalyst; afterward, the concentration of styrene gradually increased, reaching
the inlet concentration in 720 min. The adsorption capacity of Pd/ZSM5 catalyst was estimated
to be 181.6 umol/g. The pore structure of the catalyst adsorbs the reactant molecules, plasma-
generated active species, and the products of the oxidative reactions [121]. The plasma works
more efficiently when paired with catalysis because the adsorbed species can be retained longer
than those in the gas phase. The diffusion of styrene molecules and plasma-generated active

species into zeolite micro-pores results in surface reactions between them.
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Fig. 4.3. Concentrations of styrene at the reactor outlet obtained during the room-temperature
adsorption of 40 ppm styrene in 5 L/min air and that during the plasma-catalytic

decomposition at an SIE of 60 J/L.

Right after the adsorption, a stream containing only dry air was fed to the plasma-
catalytic reactor, and the plasma was turned on at an energy density of 60 J/L to decompose the
adsorbed styrene. In Fig. 4.3, most of the styrene adsorbed on the catalyst was decomposed and
desorbed in 20 min. Although all the experiments were conducted with a mixture of styrene and
dry air, water vapor can exist due to the oxidation of styrene. The competitive adsorption of
water vapor has a negative effect on styrene adsorption [122]. The formation and adsorption of

water vapor lead to the replacement and desorption of styrene molecules.
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Fig. 4.4. (a) Temporal variations of the plasma-catalytic styrene removal efficiency at
different SIE values, and (b) the steady-state CO; selectivities (5 L/min of air; 100 ppm

styrene).

Fig. 4.4(a) shows the temporal variations of the styrene removal efficiency at different
SIE values. When the SIE was lower, the styrene removal decreased with time to 78% and 88%
after 600 min at 60 J/L and 120 J/L, respectively. On the other hand, the styrene degradation
efficiency at 200 J/L was maintained at approximately 100%. The energy efficiency for styrene
removal depends on the degree of removal, the inlet concentration, the type of catalyst, the
oxygen content, etc. The energy efficiencies estimated at the SIE values of 60, 120, and 200 J/L
were 5.5 x 107°, 3.1 x 107° kg/kJ and 2.1 x 10~°, respectively, which are in the same order
as in a previous study (3.0 x 107° ~ 5.3 x 107° kg/kJ) conducted with TiO2/y-alumina at a
styrene concentration of 1000 mg/m® [30]. The formation and adsorption of byproducts,

especially low-volatile organic compounds on the catalyst surface deactivate the catalyst. The
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increase in the SIE promotes the generation of reactive species such as energetic electrons and
oxidative radicals in the plasma zone, leading to more mineralization, which can explain the
stable removal efficiency over time. Besides, the selectivity towards CO. was significantly
improved with increasing the SIE, as observed in Fig. 4.4(b). In detail, the selectivity towards

COz increased by approximately 50% with increasing the SIE from 60 to 200 J/L.
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Fig. 4.5. Temporal variations of the effluent temperature at different SIE values.

Again, this result can be explained by the more mineralization owing to the increased
production of reactive species. Fig. 4.5 shows the effluent temperatures measured at different
SIE values as a function of time. Following the increase in the early stage, the temperature
reached a steady state. The temperature increased up to higher than 90 °C, depending on the SIE
value. This temperature increase can also explain in part the better plasma-catalytic activity at

higher SIE values. The SIE at a given voltage did not nearly change during the operation time,
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after a slight increase in the beginning due to the temperature increase, as presented in Fig.
4.6(a). The higher the applied voltage is, the higher the SIE value is, since the discharge power
mainly depends on the applied voltage. The applied voltage required for an SIE value was much
lower when the reactor was packed with the catalyst pellets (Fig. 4.6(b)). For instance, 12.6 kV
was needed to get an SIE of 60 J/L with the Pd/ZSM, which is much lower than 17 kV without
packing. The dielectric constant of the catalyst is greater than the gas, and it is natural that a

higher electric field is required for plasma inception without packing [123].
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Fig. 4.6. Temporal variations of the SIE values (a) and the relation between the applied

voltage and the SIE (b).

4.1.3. Formation and decomposition of ozone

Ozone is the most abundant product of the plasma discharge in the air since oxygen is
one of the main constituents of air and its bond dissociation energy is much lower than nitrogen
[34], [123]. Ozone, a long-lived species, takes an important part in the mineralization of organic
compounds to CO» [124]-[126]. It directly participates in heterogeneous oxidation reactions on

the catalyst surface and enhances the catalytic activity [127]. To get an insight into the role of
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ozone in the styrene oxidative process, the ozone concentration at the outlet of the reactor was

monitored by varying the SIE in the range of 60 to 200 J/L.
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Fig. 4.7. Ozone concentrations obtained after 1-h operation at the outlet of the reactor without
the catalyst packing (a), the effect of the styrene concentration on the emission of ozone (after
1-h operation) (b), the effect of the catalyst presence on the emission of ozone (after 1-h
operation) (c), and the temporal variations of the ozone concentration during the operation at

18.6 kV (d).

Fig. 4.7(a) presents the outlet ozone generation obtained with the plasma reactor without
packing the catalyst, where the ozone concentration of the discharge in pure air is compared

with the case of a mixture of air and styrene. It is obvious from the figure that the ozone
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concentration is lower with 100 ppm styrene at all SIE values. Moreover, the ozone
concentration decreased with increasing the styrene concentration from 100 ppm to 300 ppm,
as in Fig. 4.7(b), indicating that ozone participated in the oxidation reactions [128]. Even though
ozone was involved in the styrene oxidation, the outlet concentration was still high without
catalyst packing. The issue associated with the unreacted ozone may be overcome by the use of
catalysts. The results in Fig. 4.7(c) clearly show that the ozone concentration largely decreased
with the catalyst. This phenomenon can be explained by either the catalytic decomposition or
the surface reactions between ozone and styrene. Fig4.7(d) shows the temporal variations of the
ozone concentration at the reactor outlet obtained at an applied voltage of 18.6 kV (200 J/L).
The emission of ozone sharply increased to 280 ppm in 5 min and then decreased, leaving a
concentration tail behind. As described earlier in relation to Fig. 4.5, the reactor temperature
started to increase when the high voltage was applied. In the early stage before reaching the
steady-state, the reactor temperature was low, which can explain the sharp increase in the ozone

concentration. Note that the decomposition of ozone strongly depends on the temperature.

4.1.4. Formation of byproducts

The energetic electrons and excited species collide with nitrogen, oxygen, H-O, and
styrene to generate reactive species such as Os, O, OH, HO, N, and H202 [14,35], which in turn
react with styrene both in the gas phase and on the surface. The simultaneous homogeneous and
heterogeneous reactions efficiently decompose the styrene molecules. Furthermore, the catalyst
with a strong adsorption capability can prolong the retention of the reactants, leading to higher
collision probability [36]. The radicals, electrons, and excited molecules can act on chemical
bonds such as C-H, C=C, and C-C. The bond dissociation energies of C-H, C-C, and C=C in

the aromatic ring are 4.3 eV, (5.0-5.3) eV, and 5.5 eV, respectively [36,37]. The fragments from
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styrene can further react with oxidative species such as O, Oz, and OH, eventually being oxidized
to CO and CO». The styrene oxidation mechanisms may be understood and elucidated through
the identification of the byproducts. In order to make it easier to identify the byproducts, the

concentration of styrene was increased to 500 ppm.
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Fig. 4.8. FTIR spectrum of the effluent without the catalyst packing (applied voltage: 16.8 kV)

(a) and that with the catalyst packing (b).

The FTIR spectra of the effluent obtained at 16.8 kV are shown in Fig. 4.8, where the

results with and without catalyst packing are compared. In the absence of the Pd/ZSM5 catalyst,
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the plasma produced a variety of byproducts including aldehydes, formic acid, O3z, N2O, CO,
and CO». On the other hand, in the presence of the catalyst, aldehydes, formic acid, and O3
greatly disappeared, and at the same time, the CO> concentration largely increased implying that
the catalyst promoted the mineralization reactions. The color of the Pd/ZSM5 catalyst after the
reaction turned to brownish pink due to the deposition of low-volatile byproducts. The color of

the reactor wall and the high voltage electrode surface also changed.
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Fig. 4.9. FTIR spectrum of the low-volatile byproduct deposits after the reaction.

The low-volatile byproducts were collected and dissolved in acetone for further analyses
using the FTIR and GC-MS. The FTIR spectrum is shown in Fig. 4.9. The symmetrical stretch
of the methyl (CHs) group appears at 3010.3 cm™ [132]. The peak at 2928.7 cm™ is attributed

to bending symmetric and asymmetric stretching vibrations of CH». The angular deformations
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of C-H correspond to 1456.3 cm™ (CH3 asymmetric) and 1377.4 cm™ (CHs symmetric). The
peak at 1099.3 cm™ is related to the C-O stretching vibrations that correspond to the ester group,
and the sharp intensive peak located at 1221.6 cm indicates the C-O-C stretching mode [132],
[133]. The peak at 1715.4 cm™ confirms the C=0 stretching vibrations [121], [132]. Besides,

the peak at 528.4 cm™ confirms the presence of styrene copolymers.
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Fig. 4.10. GC-MS spectrum of the low-volatile byproduct deposits (applied voltage 16.8 kV).

Fig. 4.10 provides further information on the deposition of the low-volatile products on
the catalyst surface and the reactor wall after the reaction. Through the GC-MS analysis,
propionaldehyde (C3HeO), styrene (CgHs), phenol (CeéHsO), and ethylbenzene (CsHio) were
identified. The plasma also produced inorganic byproducts.

Fig. 4.11 shows the concentration of NO- at the reactor outlet. The concentration of NO>
increased with increasing the SIE due to the enhanced reaction between oxygen and nitrogen in
the air. In this reactor system, NO wasn’t detected, which is because NO was quickly oxidized
to NO2 by oxidative species like ozone as soon as it formed. The reactor packed with the

Pd/ZSM5 catalyst largely reduced the concentration of NO., compared with the plasma-alone
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case. As shown in Fig. 4.11(b), the concentration of NO decreased with increasing the styrene
concentration in the gas stream. This result can be interpreted in part by the reaction of NO-

with hydrocarbon [38].
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Fig. 4.11. Concentrations of CO, CO2, and NO2 were obtained as a function of SIE with and
without the Pd/ZSMS5 (a) and the concentrations of NO> as functions of styrene concentration

and SIE (b).

4.2. Summary
The efficient degradation of styrene was investigated in a DBD plasma-catalytic reactor
over Pd/ZSM5 catalyst at atmospheric pressure. The problems regarding the individual plasma
and catalytic processes such as the poor low-temperature activity of the catalytic process and
incomplete oxidation of the plasma process were complemented by the combination of both.
The results demonstrated that the plasma-coupled Pd/ZSM5 catalyst significantly enhanced both
the styrene oxidation and the CO: selectivity as compared with the plasma-alone case, greatly

reducing the byproducts. The styrene degradation efficiency proportionally increased with
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increasing the specific input energy. Ozone formed by the plasma played an important role in
the oxidation of styrene. The Pd/ZSM5 catalyst could be activated by the plasma, which greatly

enhanced the performance of the styrene removal.
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CHAPTER 5

A STUDY ON PLASMA CATALYTIC SYSTEM FOR POLLUTION

DEGRADATION TOWARDS PRACTICAL APPLICATION

5.1. Introduction

Although the dielectric barrier discharge reactor filled with catalyst pellets has proven
to be efficient for VOC destruction, it still limits solving environmental problems in practice
where large amounts of pollutants are processed [16], [134], [135]. This is because the packed-
bed DBD reactor using pellets catalyst must be bundled to process a large flow rate of
contaminated gas, resulting in a high-pressure drop of the gas across the catalyst layer and also
causes the operating cost to increase. Employing a honeycomb structured catalyst is a way to
lessen the pressure drop. The advantages of the honeycomb catalyst are its larger surface area,
lesser pressure drop, uniform distribution of gas flow, and the ability to process large volumes
of gas over packed bed reactors [136]-[139]. However, the main technical challenges are the
generation of large volumes of homogenous and stable plasma inside a honeycomb catalyst
under atmospheric pressure [137], [140], [141]. Several previous studies have reported that
DBD reactor can generate plasma discharge inside the channels of honeycomb-structure [136]-
[139]; however, it is difficult to be commercialized or scaled-up when dealing with
environmental problems where large amounts of emissions need to be disposed of [16], [23],
[44]. Because there is a critical limitation in the discharge gap of the DBD reactor within a few
millimeters, which makes it difficult to be generated plasma in a large-size commercial
honeycomb monolith catalyst (few centimeters) under atmospheric pressure. In some cases, the

DBD reactor can be scaled up in series or parallel by varying the number of reactors. However,
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this approach can lead to an increase in the overall cost. In addition, the DBD reactors are usually
used quartz or glass tubes as a dielectric barrier, which can easily fail by thermal or mechanical
shock. These disadvantages make it difficult to apply this technique to solving environmental
problems in practice where large amounts of pollutants are processed. In the case of honeycomb
corona discharge, the configuration of the reactor is straightforward, with two parallel perforated
disk or wire-mesh electrodes covering up both sides of a honeycomb catalyst [44], [142]-[144].
It should also be noted that the electrode system is strong against vibration, therefore, can be
used in vehicles [140].

The combined use of plasma and a honeycomb catalyst has been investigated for air
pollution removal by several research groups [136], [137], [142], [144]-[148]. However, most
of them used a honeycomb catalyst that was small in size and the corona discharge seems to
occur outside of the honeycomb catalyst, so the interaction between plasma and catalyst is
limited. The honeycomb catalysts used in this work were prepared by applying a coating of y-
alumina (y-Al203) powder to the bare cordierite monolith on which to support the palladium
(Pd) catalyst to construct a hetero-structural monolithic catalyst. The corona discharge inside
the honeycomb catalyst is less affected by its diameter. The AC corona discharge inside real
industrial scale catalyst was well reported by our group [38], [44]. However, the changing of
operating conditions strongly affects the generation of AC corona plasma inside the
honeycomb catalyst. This is a big problem for automobile exhaust treatment or other
environmental applications.

In this work, the removal of ethyl-acetate from the air is performed in different types of
corona discharge reactor (i.e., generated by AC or DC energization) couple with a honeycomb-

structure monolith catalyst (50 x ¢ 50 mm) at atmospheric pressure. EA is widely used as a

64



solvent in the chemical industry, ascendant, and a stable acid ester. EA is also used as an organic
raw material and a solvent for coatings and plastic. EA is highly toxic and exposure to this VOC
even at low concentrations can cause nausea, dizziness, and even cancer [9], [149], [150].

The effects of various conditions such as the humidity, gas hourly space velocity
(GHSV), and gas temperature on the electrical characteristic of both AC and DC discharge were
also evaluated and compared with each other. Further, the focus was on identifying the
byproducts, which were expected to improve our understanding of the degradation pathway of
EA in the NTP plasma catalyst. The use of honeycomb catalyst discharge plasma opens up

opportunities for its widespread industrial application for effective VOC treatment.

5.2. Experiment setup
The schematic diagram of the experimental setup for this study is shown in
Fig. 2.5. The experimental setup system, catalyst preparation was described in sections 2.2.3,

and section 2.3.2 (chapter 2).

5.3. Removal of ethyl-acetate in Air by different types of corona discharges generated in a
honeycomb monolith structure coated with Pd/y-alumina
5.3.1. Characterization of the catalyst

The structure and crystallinity of the bare monolith, y-Al.Os/honeycomb monolith, and
Pd/y-Al20s/honeycomb monolith were analyzed by X-ray diffraction (XRD) as shown in Fig.

5.1. The results indicated the absence of peaks associated with the crystalline phase of y-Al2Os.
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The characteristic reflections of y-Al.Oz were not discernible because of its low concentration.
The peak at 26 = 33.55° for Pd/y-Al.Os/honeycomb monolith corresponds to the reflection of
(101) plane of palladium oxide (PdO) phase, which is consistent with the standard pattern
(JCPDS No. 00-043-1024) [151]. The presence of PdO increases the surface conductivity of the
monolith channels, which helps the plasma propagate along the channel surface. In addition, it

provides the catalytic activity for the removal of EA.

(33.55)

L Pd/Al,O,/honeycomb monolith
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2 0 (degrees)

Fig. 5.1. XRD patterns of the bare honeycomb monolith, y-Al>Os/ honeycomb monolith, and

Pd/y-Al203/honeycomb monolith.
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Fig. 5.2. SEM images of (a) the bare honeycomb monolith, (b) y-Al.O3/ honeycomb monolith,

and (c) Pd/y-Al.Oz/honeycomb monolith.

SEM analyses were performed to examine the microstructure and surface appearance of
the catalyst. Fig. 5.2 presents SEM images of the bare honeycomb monolith, y-
Al>0s/honeycomb monolith, and Pd/y-Al20s/ honeycomb monolith. Fig. 5.2(b-c) reveals that
both alumina oxide and palladium totally covered the surface of the bare monolith. Furthermore,
it can be seen in Fig. 5.2c that the PdO particles are well dispersed in the y-Al>Os grains, which
is also confirmed by the energy-dispersive X-ray spectroscopy (EDS) elemental mapping
images for a selected area of the Pd/y-Al>Os/honeycomb catalyst (Fig. 5.3). It can be clearly
seen that Al, Si, and Pd exist on the catalyst surface as Al oxide, Si oxide, and Pd oxide,
respectively. The high distribution of the PdO would be responsible for the enhanced EA

degradation and the surface conductivity of the catalyst.

67



EDS Layered Image 1 Al K series

i oo | Soa
0" gy series Pd L series

Fig. 5.3. EDS elemental mapping images for a selected area of the Pd/y-Al>Oz/honeycomb
monolith.
5.3.2.Characterization of AC & DC corona plasma within Pd/»-Al.Oz/honeycomb catalyst
Characterization of both the AC and DC corona plasma that was uniformly generated
within the honeycomb monolith catalyst was achieved under various conditions. Fig. 2.5(b)
shows that the plasma discharge was uniformly spread over the holes of the honeycomb
monolith containing the catalyst. The image shows that many holes in the honeycomb catalyst
glow on both sides of the electrode. This also indicated that most of the channels would be
simultaneously filled with plasma. To verify the type of discharge during the process, the typical
waveforms of the applied voltage and current of the AC and DC corona discharge were recorded

and are shown in Fig. 5.4(a-b).
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Fig. 5.4. Waveforms of the voltage and current of the corona plasma in the honeycomb
obtained: (a) the AC plasma source, and (b) DC plasma source (applied voltage: 11.2 kV,

GHSV: 9000 h't, water vapor: 3%(v/v)).

Obvious differences exist in the shape of the voltage and current waveform between the
AC and DC corona discharge at the applied voltage of 11.2 kV. The voltage and discharge
current line of the AC discharge are sinusoidal over time, whereas it is always positive in the
case of the DC discharge. This determined that DC positive corona discharge would be
generated the electric field higher than AC corona discharge. Increasing the electric field would
increase the decomposition efficiency of the pollutions [30]. Fig. 5.5 shows the temporal
variations in the discharge power and Irms of the AC and DC corona plasma within the
honeycomb catalyst for various levels of water vapor. In the case of the AC corona plasma, the
water vapor strongly affected the characteristics of the discharge. Upon closer inspection of the
results, the discharge power appeared to sharply decrease with time during the early stage before
stabilizing. This can be explained by considering that, initially, the humidified monolith rapidly

loses captured water molecules when exposed to the low-humidity feed gas. Apart from this,
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the discharge power of the AC corona discharge significantly increased as the water vapor in
the gas stream increased. For an applied voltage of 11.2 kV to generate the AC corona plasma,
a discharge power of 8 W was measured in dry air, whereas the corresponding power is 14 W

when approximately 3% of water vapor is present in the gas stream.
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Fig. 5.5. Effect of water vapor content on (a) discharge power, and (b) Irms for both the AC &

DC corona at atmosphere pressure (GHSV: 9000 h*, applied voltage: 11.2 kV).

The Irsm is another plasma parameter that represents the discharge intensity. Increasing
the current density of the micro-discharges creates a stronger micro-discharge in the channels
of the honeycomb monolith. In Fig. 5.5(b) the Irsm follows the same tendency by increasing
from 1.5 mA to 2.6 mA as the water vapor concentration increases up to 3%. Indeed, water can
be absorbed into the cell walls of the honeycomb catalyst and assists the plasma to propagate
along the channels of the honeycomb catalyst as a result of increased surface conductivity [38],

[44].
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Fig. 5.6. Temporal variations of the effluent gas temperature at different water vapor for both

AC & DC corona at atmosphere pressure (GHSV: 9000 h, applied voltage: 11.2 kV).

The electrical conductivity of pure water is 0.055 pS/cm at 25 °C and atmospheric
pressure [152]. In comparison, the electrical characteristics of the DC discharge are insensitive
to variations in the atmospheric conditions. The influence of water on the DC plasma discharge
is negligible. As shown in Fig. 5.5(a-b), the discharge power and corona current seem to
fluctuate slightly when the water vapor concentration of the feed gas changes. The maximum
DC discharge power and Irsm are always much higher than the AC discharge power at the
corresponding voltage level. As seen in Fig. 5.6, the effluent gas temperature from the reactor
started to increase when a high voltage was applied and reached a steady state after

approximately 20 min, during which time the reactor temperature of the AC plasma was much
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lower than that of the DC plasma.

70 6
[_]DC Plasma (a) (b)
60 4 AC Plasma Bl 5|
%—50 1 A
5 4 _.-®
24 g
2 i P ol
g £
< 2t
8 20-
(=)
104 1 —@—DC Plasma
—@--AC Plasma
0 0 T T T
9000 12000 15000 9000 12000 15000
GHSV (hour ") GHSV (hour )
200{ B<._ (c)
160 =L
-
)
S 120
w
@ g0-
40 1 —-0-— DC plasma
—CO— AC plasma
o T T T
9000 12000 15000

GHSV (hour™)
Fig. 5.7 Effect of GHSV on: (a) discharge power, (b) Irms for both the AC & DC corona
plasma, and (c) variation of SIE as a function of GHSV for both the AC & DC corona plasma

(humidity: 3%(v/v); applied voltage: 11.2 kV).

This could explain the observation that the discharge power of the DC plasma is higher
than that of the AC plasma at the same voltage level. Figure 5.7 (a) shows the effect of the
GHSV on the electrical characteristics of the AC and DC corona discharge generated within the

honeycomb-supported catalyst at 11.2 kV. The discharge power and Irms of both the AC and
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DC corona discharge significantly depended on the space velocity. An increase in the GHSV

leads to an increase in discharge power and Irms. Specifically, the discharge power of the AC

and DC plasma increased remarkably from 14 W to approximately 27 W, and from 52 to 64 W

as the GHSV increased from 9,000 to 15,000 h, respectively. This behavior can be attributed

to the rapid transport of charged particles to the ground electrode when the gas flow rate is high.

As shown in Fig. 5.7(b), the discharge current increases with increasing the GHSV. The

variation of SIE as a function of GHSV is shown in Fig 5.7(c).
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Fig. 5.8. Effect of temperature on the discharge power and current characteristic for both the

AC & DC corona discharge; (b) variation effluent gas temperature of both AC & DC

honeycomb discharge as a function of oven temperature (GHSV: 9000 h%, humidity: 3%(v/v);

applied voltage: 10 kV).

To investigate the effect of the temperature on the discharge characteristics for both AC and

DC corona discharge combined with honeycomb catalyst, the reactor was placed in an electric

furnace that was controlled in the range of 25-300 °C. Figure 5.8 (a) indicates the dependence
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of the electrical characteristics of the plasma on the temperature. The results show that the
discharge power and current measurement of the AC corona discharge strongly depend on the
operating temperature. Specifically, the discharge power decreased markedly from 9 to 3 W as
the oven temperature increased from 25 to 300 °C at the applied voltage of 10 kV. As discussed
above, the AC discharge is sensitive to humidity, which means that the adsorption of water
molecules plays an important role in the propagation of plasma. The adsorption of water
molecules decreases as the temperature increases, which can interpret the decreased discharge
power with increasing the temperature. Interestingly, the DC discharge is insensitive to
temperature variations. In fact, the discharge power and current of the DC plasma only vary
slightly across different temperatures at the same applied voltage of 10 kV. As mentioned above,
the effect of H.O on the DC corona discharge is negligible, indicating that the decrease in the
adsorption of water molecules at high temperatures does not affect the discharge. Fig. 5.8(b)
shows the variation effluent gas temperature as a function of the oven temperature. As result,
the effluent gas temperature of the honeycomb AC plasma reactor is lower than that of the oven
temperature when the oven temperature is obtained 200 °C. It may be due to the decrease in
plasma intensity caused by the AC corona discharge as the reactor temperature increase.
Meanwhile, the effluent gas temperature of the honeycomb DC corona reactor is always higher
than that of the set temperature of the electric furnace. This reaffirms that the plasma is
maintained even at temperatures over 200 °C. Maintaining the discharge plasma during
temperature changes is very important for automobile exhaust treatment or other environmental
applications.

Take all into account, DC corona discharge is more easily created by virtue of a high
electrical field by using a DC power supply; it means that DC corona discharge can be created

at much lower applied voltage compared to AC corona discharge. In addition, the DC corona
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discharge can be stably operated, less dependent on operating conditions such as humility, gas
temperature, and GHSV. This point is very important for real applications because the real

operating conditions (i.e., humidity and exhaust gas temperature) are usually changing.

5.3.3. Analysis of optical emission spectra
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Fig. 5.9. Optical emission spectra of the corona discharge plasma in air (GHSV: 9000 h?,

humidity: 3%(v/v); applied voltage: 11.2 kV).

Active species such as OH, H, O, N, and high-energy electrons are formed in the air
plasma as a result of the collision between highly energetic electrons and the dominant air
molecules [34]. Figure 5.9 shows the optical emission spectrum of the corona discharge in the
air atmosphere. The composition of the gas mixture includes the EA of which the concentration

is diluted by the air stream with GHSV of 9000 h'* and approximately 3% H2O. As shown in
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Fig. 5.9, various emission peaks related to excited N2, NO, and OH were detected in the spectral
range 200—650 nm [44], [153], [154]. The emission peak in the range of 621- 627 nm confirms
the formation of OH radicals [154], [155]. These radicals are strongly oxidative species and
could promote the oxidation of EA. The peaks related to the atomic hydrogen are located at Hg
(486.5 nm) and H, (433.5 nm) [154], [156]. The emission bands in the range of 323—-410 nm are

attributed to the excited N [44], [153].

5.3.4. Evaluation of the EA removal efficiency of the AC and DC corona discharge by the Pd/-
Al>O3/honeycomb catalyst

1. Effect of humidity
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Fig. 5.10. The conversion efficiency of EA by both AC & DC corona for various water vapor
contents in the gas stream (GHSV: 9000 h1, applied voltage: 11.2 kV).
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Different environments have variable humidity levels. Thus, the effect of humidity is
indeed of great interest because, in practice, processes are carried out in ambient air. Figure 5.10
shows the EA removal efficiency as a function of the amount of water vapor. The results indicate
that the DC corona discharge is always more effective than the AC corona discharge. As the
water vapor increases from 0 to 3 %, the removal efficiency of the DC corona discharge tends
to decrease slightly. The dissociation adsorption of water by the high-energy electron in the
plasma zone leads to the formation of additional surface hydroxyls that will neutralize the acid
sites and thus decrease the catalytic activity [157]. Further, the discharge power of the DC
corona was hardly affected by the humidity, as shown above. The slight decrease in the EA
removal efficiency at higher humidity can be explained by the scavenging of ozone by OH
radicals produced from H2O. In contrast, the AC corona discharge realizes a slight increase in
efficiency at higher water vapor content. As mentioned above, the discharge power of the AC
corona improved significantly as the water vapor content of the feed gas increased, thereby
enhancing the EA removal efficiency. In other words, the effect of discharge power increase

was more dominant than the ozone scavenging effect of the OH radical.

2. Effect of GHSV

Figure 5.11 shows the effect of the feed gas flow rate or GHSV on the EA removal
efficiency. A GHSV of 9,000 to 15,000 h! corresponds to a residence time of 0.392 to 0.235 s.
The EA conversion efficiency decreases markedly for both the AC and DC discharge plasma
with increasing GHSV. It is worth noting that the EA removal efficiency drops significantly
from 64% to approximately 20% in the AC discharge plasma, whereas it only decreases slightly

from 88% to 78% in the DC discharge plasma at 11.2 kV of applied voltage with 3% water
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vapor in the feed gas. Obviously, the higher the gas velocity, the shorter the reaction time of the
EA molecules in the plasma region due to the decrease of contact times between the catalysts,
reactive species, and reactant molecules. Moreover, the SIE value decreases with increasing
GHSV, i.e., the power input relative to the gas flow rate decreases, which is the reason for the

decreased EA removal efficiency at higher GHSV.
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Fig. 5.11. Conversion efficiency of EA by both AC & DC corona for different GHSV values

(applied voltage: 11.2 kV, water vapor content: 3%(v/v)).

3. Effect of SIE

Figure 5.12(a) presents the relationship between the removal efficiency and treatment
time at different SIE values of the DC discharge. The removal efficiency changes slightly with
time and is maintained at approximately 96% at 220 J/L. For an SIE of 100 and 160 J/L, the EA
removal efficiency increased with time in the first 15 min and then leveled off. Observation of
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the results shows that EA removal efficiency increased with increasing SIE. The enhanced EA
removal effect may be the result of the participation of more active species and high-energy
electrons in the destruction of EA with higher SIE. The increase in the SIE as the applied voltage
increases is known to strengthen the electron energy and the electric field to form more active
species in the plasma region [34], [158]. Furthermore, the temperature of the gas increased with
time and stabilized after a certain period of reaction time. Generally, the catalyst exhibits higher
activity at a higher temperature, which explains the increase in the EA removal in the early

stage.
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Fig. 5.12. (a) Temporal variations of the plasma—catalytic EA removal effciency at diferent
SIE values, and (b) the steady-state CO> selectivities (GHSV: 9000 h*, water vapor:

3%(V/V)).

The CO; selectivity is an important indicator with which to evaluate the oxidation
performance towards EA degradation. Fig. 5.12(b) shows the CO- selectivity for various SIE

levels of the DC discharge plasma. These results show that the CO- selectivity is worse for low
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SIE. This is because the EA is not completely mineralized and because hydrocarbon
intermediate byproducts are present at low SIE. Increased energy density leads to enhanced CO>
selectivity. An increase in the SIE from 100 to 220 J/L is accompanied by an increase in the
CO: selectivity from 52% to approximately 89.8%.
5.3.5. A comparison of ethyl acetate removal between honeycomb corona discharge and other
processes

Table 2 presents published papers regarding ethyl-acetate with different plasma-catalyst
systems. As can be seen from this table, almost all previous study are used a DBD reactor

configuration filled with catalysts (i.e., pellets or powder) for the decomposition of EA.

Table 2. Comparison between different plasma configurations for ethyl-acetate removal process

under atmospheric pressure condition.

Reactor Packing Flow GHSV | C4HgO, | SIE (J/L) | n (%) EE Ref
type materials rate (hour?) | -inlet /applied (gkwt
(L/min) (ppm) voltage h?)
(kv)
DBD LaCoOs 1 42441 100 | 595.9J/L | 98.8 2.15 [159]
DBD - 7 2210 400 9 kv 72.6 - [160]
DBD Lao.sCeo2MnO3 1 2827 100 495.9 J/L 94.2 2.46 [149]
DBD La;xCexCo0s+5 1 26525 100 558 J/L 100 1.162 [9]
DBD Bi2M0O¢- 3 23386 200 392 J/L 100 6.62 [161]
MnO.
DDBD - 1 4074 8 1158J/L | 96.4 | 0.086 | [150]
HCD Pd/yAl,Os- 15 9000 30 220 J/L 96 1.7 This
honeycomb work

HCD: honeycomb corona discharge; SIE: specific input energy; m: removal efficiency; EE: energy

efficiency; GHSV was calculated as the airflow rate divided by the catalyst volume.
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As mentioned before, although a DBD reactor can produce a stable and effective plasma
discharge and provide high removal performance; however, this configuration is difficult to be
commercialized or scaled up [44], [144]. Furthermore, the packed-bed DBD reactor needs to be
bundled to process a large flow rate of contaminated gas, and the high-pressure drop across the
catalyst bed also causes the operating cost to increase. This work has used the honeycomb
corona discharge (HCD) reactor configuration. An attempt has been made to successfully
generated a large volume of stable and homogenous plasma at atmospheric pressure in the
channels of the honeycomb catalyst (Fig.2.5(b)). In comparison between this work and other
plasma-catalyst reactor configurations, the EA removal efficiency is obtained high with lower
energy density for the HCD reactor configuration. The table indicated that the energy efficiency
of the HCD reactor was supperless than that of other processes. The lower required energy
density of the honeycomb corona discharge reactor can be explained by the high feed gas
through the honeycomb catalyst reactor. Our work has proven that HCD not only has high

efficiency in removing EA but also has great potential for practical application.

5.3.6. Analysis of byproduct

Ozone is one of the main oxidative species generated by air corona plasma, which can
contributed to heterogeneous oxidation reactions on the catalyst surface and enhances the
catalytic activity [50,51]. Figure 5.13(a-b) shows the ozone concentration of both the AC and
DC plasma for various parameters such as the relative humidity and the GHSV at SIE of 220
JIL, measured 25 min after the plasma reaction started. Although the energy density in the DC
plasma reactor is much higher than that in the AC plasma reactor, the amount of ozone that is
generated does not differ much between the two types of plasma sources. As described in

relation to Fig. 5.6, the gas temperature of the DC discharge is much higher than that of the AC
81



N (4]
wn o
1

N
o
1

Concentration (ppm)
S o

($)]
1

o

Concentration (ppm)
N
[4)]

o

N
o
1

—_
[4)]
I

-
o
1

[8)]
I

(a) DC plasma
V7] AC plasma
7 %
2 3
Water vapor (%)
V777] AC plasma (C)
DC plasma
o N +
é? 7
100 160 220
SIE (JIL)

Concentration (ppm)
—_ - N N w
(8] o (4] o (8] o

o

Concentration (ppm)
e — N [\*] w
[6)] o 4] o [6,] o
1 1 1 1 1

o

T
_—
—

—<{-- DC plasma
—o— AC plasma

9000

12000 15000

GHSV (hour™)

(d)

©— AC plasma
—&— DC plasma

o

10

30 40 50

Time (min)

20 60

Fig. 5.13. Ozone concentration generated by both AC and DC plasma as a function of; (a) the

effect of humidity (SIE: 220 J/L, GHSV: 9000 h1); (b) the effect of GHSV (SIE: 220 J/L, water

vapor: 3%(v/v), (c) the effect of SIE (GHSV: 9000 h, water vapor: 3%(v/v), and (d) the

temporal variations of the ozone concentration during the operation at 100 J/L.

discharge, which could explain the decrease in the Oz concentration. Note that the

decomposition of ozone strongly depends on the temperature [14]. In addition, ozone could also

gain access to the pores in the catalyst and then dissociate into atomic oxygen species which

would react with the EA molecules, resulting in decreased ozone levels [52]. Fig. 5.13(a) shows

that the ozone concentration decreases with increasing water vapor in the feed gas in the case of



DC plasma. Indeed, the water vapor could inhibit ozone generation. However, contrary thereto,
the ozone concentration increases slightly in spite of increasing water vapor in the AC plasma.
This result is because the discharge power increases were more dominant than the inhibition of
ozone generation by water. The dependence of the Oz concentration on the GHSV is indicated
in Fig. 5.13(b), which shows that the ozone concentration increases with increasing GHSV for
both types of plasma sources. These results maybe this is due to an increase in the inlet O> due
to the increase of flow rate. In addition, a possible reason for this observation is that the
residence time of the feed gas was not sufficient to consume ozone through the reactions with
EA and its byproducts. The results in Fig. 5.13(c) shows that the ozone concentration increased
with SIE for both the AC and DC plasma. The increase in the SIE promotes the generation of
energetic electrons in the plasma region, leading to an increase in the collisions between them
and oxygen molecules, increasing the concentration of ozone. The temporal variations of the
ozone concentration at the reactor outlet obtained at 100 J/L is shown in Fig. 5.13d. The
concentration of ozone sharply increased in the early state (10 min) and then decreased and
reached the steady state. The gas temperature started to increase when the plasma was turned on
(Fig. 5.6). In the early stage, the reactor temperature was low, which can explain the sharp
increase in the ozone concentration.

The mechanisms whereby EA oxidation takes place may be understood and elucidated
by identifying the byproducts. Figure 5.14 shows the infrared spectra of the gas phase products
generated in the DC plasma in the honeycomb structure containing the catalyst when processing
dilute EA in air. The time evolution of the FTIR absorption spectra was monitored in the
wavenumber range from 1000 cm™ to 4000 cm™. The results show that the spectrum consists of
many different emission peaks. The EA absorption bands at 1048, 1244, 1376, 1762, and 2992

cm! showed a significant decrease after the plasma treatment. The emission peak that appears
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at 2355 cm™ is confirmed to be CO2, which intensified as the applied voltage increased,

indicating that the complete oxidation of EA strongly improved.
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Fig. 5.14. FTIR spectra of the effluent gas produced by DC corona discharge by varying the

applied voltage (inlet concentration: 300 ppm, dry air, GHSV: 9000h™).

In the plasma zone, the collision between energetic electrons and the EA molecules in
the carrier gases (N2 and O») forms a variety of reactive species and intermediate byproducts.
The radicals, electrons, and excited molecules can react with chemical bonds such as C—H, C=0,
and C—C. The mean energy of the energetic electrons was shown to be 1-10 eV [164]. The bond
dissociation energies of C-H, C-C, and C=0 are 4.3 eV, 3.44 eV, and 7.55 eV, respectively,
which are larger than the dissociation energy of the C—O bonds (3.38 eV) [165]. Therefore, the

C-0 bond can easily be destroyed by energetic electrons and reactive species to generate methyl
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(CHa), acetate (CH3COO), and acetyl (CH3CO) groups [9], [166], [167]. Afterward, the
fragments from EA can further react with oxidative species such as O, Os, and OH radicals to
form methyl (CH3). The partial oxidations of the fragments by O atom and OH radical can
explain the formation of some intermediates byproducts such as HCHO, HCOOH, or CH3:0H
[9]. Besides, the plasma-assisted catalyst surface reaction also contributes to the oxidation of
EA. The catalyst plays an important role in determining the reaction performance of the plasma-
catalytic for the EA removal process and plasma-catalytic chemical reaction [149]. A previous
study reported that the oxidation process of EA base an alumina catalyst can produce the
byproducts such as ethanol, acetic acid, and aldehyde [167]. Moreover, the catalyst with
adsorption capability can prolong the retention of the reactants, leading to higher reaction
probability [36]. The coated catalytic layer improved the catalytic performance, creating more
catalyst active sites, where reactions could take place on those sites [168]. Both EA and
intermediates from the gas phase reactions can be adsorbed onto the surface of the catalyst [9].
Furthermore, ozone adsorption to the catalyst surface and its subsequent dissociation into
reactive atomic oxygen species are an important step in the heterogeneous destruction of VOC
[169].

In this study, the Pd/y-Al.O3 honeycomb catalyst was placed in the discharge zone and
directly in contact with the plasma. Chemical reactions are improved due to a large volume of
uniform plasma successfully generated inside honeycomb catalysts without pressure drop [140].
Herein, there will be plasma gas-phase reactions and plasma-assisted catalytic surface reactions.
The reactive species can be generated inside pores of structured catalysts (in the um range), on
the surface of the catalyst, and at the interface between the gas phase and the catalyst surface

[69], [170]. The diffusion of the short-lived reactive species (i.e., O atom, OH radicals) onto the

85



T e.//Nz(A)/Og

T e,’/Nz(A)/fO_;
el +0/0H/0 : o
: /OH/O, ; 3
+0/OH/0; +0/0H H,0
(&0 . +0/0H oroer 3
‘ OH \ |
/H\O )\ . A L '/\ml'odupts v ; HCHO
HC Y 0.CH /H,CSo HC OHY O H‘CH3 CH;/H,C-CH, CH, 3
o \:o00p/ \: 008/ \e008/
acetate
St Pd/y-Al,04/honeycomb

surface

Fig. 5.15. The plausible reaction mechanism in the plasma-assisted surface oxidation of EA

micro-pore of the catalyst surface will participate in the surface reactions with EA and
intermediates byproducts [9], [69]. The simultaneous homogeneous and heterogeneous
reactions efficiently decompose the EA molecules. The main gaseous products from the plasma-
catalytic reaction were COx and H.O, while minor products were observed. As shown in Fig.
5.14, minor intermediate byproducts may include ethanol, aldehydes, and acetic acid. The
reaction proceeds by a series of oxidation steps that involve O atom and OH radical attack,
finally leading to the formation of CO. and H20. A plausible reaction mechanism was proposed
where removal of EA mainly proceeds on the surface of catalysts (Fig. 5.15). Regarding the
decomposition of EA, numerous reactions can be involved. The reactions related to the
production of reactive species and inorganic byproducts are presented in Table 3. The reactions
responsible for the decomposition of EA are summarized in Table 4, which are taken from the

NIST Chemical Kinetics Database at 298 K [171].
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Table 3. Reactions leading to the formation of reactive species and inorganic byproducts

Reaction Rate constant at 298 K

(cm3st or cmbs1)

N2+ e > N(4S) + N(4S,2D) + e 9.79 eV/bond

O+ e > O@BP) + O(3P,1D) + e 5.15 eV/bond

«0O+0; +M=> O3+ M k=6.01 x 10734
O3+ 02> 0+ 02 + 02 k=2.04 x 10727
HO+ e > *«OH + He + ¢ 4.46 eV/bond

N(2D)+ O, > NO +Os k=4.21 x 10712
N2+0O+ > NO +N k=1.31 x 10711
NO + N >Nz + O k=2.93 x 1011
NO+O++M > NO; +M k=9.02 x 10732
O*+N2 +M > N0+M k=5.02 x 10738

(R7)

(R8)

(R9)

(R10)
(R11)
(R12)
(R13)
(R14)
(R15)
(R16)

M stands for three-body reaction partner, e stands for energetic electron, and N(4S) and N(4S,

2D) are ground-state and a metastable excited-state nitrogen atom, and O(3P) and O(3P, 1D)

denotes for ground-state and a metastable excited-state oxygen atom, respectively.

Table 4. Possible reactions for the oxidative decomposition of ethyl acetate

Reaction Rate constant at 298 K

(cm3st or cmbst)

CH3COOC;Hs + /M - CH3COe« + CH3CH20¢ + ¢/M 7.55 eV/bond
CH3COOC:Hs + /M - CH3CH2* + CH3COO-* + ¢/M 4.3 eV/bond
CH3COOC:Hs + /M = CHze + CH2.CH3COO- + ¢/M 4.3 eV/bond
CH3COOC,Hs + O« > CH3CH(*)C(O)OCH2 + *OH k=3.86 x 10716
CH3COOC;Hs + *OH - Products k=1.1x 10710
*CH3CO + O* > CO2 + *CH3 k=1.6 x 10~ 11

(R17)
(R18)
(R19)
(R20)
(R21)
(R22)
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*CH3CO + «OH > CH2CO-+ H20
CH3CH2¢ + O &> HCHO + *CH3
CH3CHa* + O+ - CH3CH20-
CH3CH20¢ + O > HCOOH + *CH3s
HCOOH + «OH - Products

*CHz + O > CH20++He
*CH3++*OH+M > CH3OH+ M
*CHz ++*OH -»> HCHO + H>
CH30H + OH - <CH20H + H,0
*CH,OH+0O - HCHO + OH
*CHO0H+OH - HCHO + H,O

CH30OH +«OH - HCHO + H20O + He

CH30OH +«OH - CH3z0 +H.0
HCHO + *OH - HCOOH + He
HCHO ++OH - CO2 + Hz+He
HCHO + O+ - HCO-+OH
HCHO + O+ - CO ++OH + He

k=2.0 x 10711
k=2.67 x 10711
k=1.23x 10710
k=3.89 x 10710
k=4.5x 10713
k=9.4 x 10711
k=2.25 x 10724
k=9.1 x 10711
k=8.8 x 10713
k=7.01 x 10711
k=4 x 10711
k=1.1x 10712
k=9.45 x 10713
k=2.01 x 10713
k=179 x 10711
k=1.67 x 10713
k=1.0 x 10710

(R23)
(R24)
(R25)
(R26)
(R27)
(R28)
(R29)
(R30)
(R31)
(R32)
(R33)
(R34)
(R35)
(R36)
(R37)
(R38)
(R39)

5.4. Summary

The discussion of this work based on corona discharge produced by alternating current

(AC) and direct current (DC) over a Pd/ y-Al.O3 catalyst supported on a honeycomb structure

monolith was developed to eliminate ethyl acetate (EA) in the air at atmospheric pressure. The

characteristics of the AC and DC corona discharge generated inside the honeycomb structure

monolith were investigated by varying the humidity, gas hourly space velocity (GHSV), and

temperature. The results showed that the DC corona discharge is more stable and easily operated

at different operating conditions such as humility, GHSV, and gas temperature compared to the

AC discharge. At a given applied voltage, the EA conversion in the DC honeycomb catalyst



discharge is, therefore, higher compared with that in the AC honeycomb catalyst discharge (e.g.,
96% of EA conversion compared with approximately 68%, respectively, at 11.2 kV). These new
results can open opportunities for wide applications of DC corona discharge combined with
catalysts for VOC treatment in real-time. Additionally, we revealed new possible reaction

pathways of plasma VOC oxidation reaction through investigating the byproducts in the process.
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CHAPTER 6

CONCLUSIONS

The performance of plasma catalytic reactor for removal NOx & soot at low temperature
and VOC decomposition in the air at atmospheric pressure was demonstrated in this dissertation.
The main conclusions of this work were made as follows.

1. The first research has evaluated low-temperature and fluctuating temperature
conditions for NOx removal over Ag/ZSM5 and Cu/ZSM5 catalysts coupled with plasma. It was
observed that the Ag/ZSM5 catalyst showed better than the Cu/ZSM5 catalyst at the same
conditions. NO conversion of approximately 100% in the approximate range from 200 to 300
°C and optimal NOx removal above 80% was achieved by using the Ag/ZSM5 catalyst coupled
with plasma. Furthermore, we found that the combination of plasma with the catalyst at high
temperatures (>350 °C) is not needed because of two reasons as follows:

i. NO removal rate with the catalyst alone is really high, and, the addition of plasma is a
waste of energy.
ii. The plasma produces NOx, decreasing the net NOx removal efficiency

The plasma electrical power or the appropriate energy density should be adjusted based
on the exhaust gas temperature to minimize energy consumption

Simulated diesel exhaust gas was obtained by adding the naphthalene (soot simulant) to
the gas stream. The removal of NOx and naphthalene was examined in the operating temperature
range from 150 to 350 °C and by varying the SIE in the range up to 210 J/L. The result indicated
that the presence of plasma-enhanced the efficiency of removing NOy and soot simulant at low

temperatures. Soot can play the role of reducing agents in the NOyx removal process. However,
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high-efficiency NOx removal requires an additional reducing agent. The Ag/a-Al>O3 presented
a narrow temperature window for NOx and soot simulant removal. However, the presence of
plasma expanded the temperature window toward low operating temperatures. As a result, the
high efficiency of NOx and soot simulant removal were obtained by using the catalyst coupled
with plasma under fluctuating temperature conditions.

2. The second research has dealt with the efficient degradation of styrene in a DBD
plasma-catalytic reactor over Pd/ZSM5 catalyst at room temperature. The combination of the
catalyst with the plasma strongly improved the styrene oxidation and the CO2 selectivity. The
Pd/ZSM5 exhibited good catalytic activity at low temperatures under the influence of plasma,
improving the mineralization of styrene. As well, the presence of the Pd/ZSM5 largely
decreased the formation of secondary pollutants such as NO2 and Oz. Ozone played an important
role in the removal of styrene. The styrene oxidation reactions performed in the infrared gas cell
exhibited that the combination of the plasma with the catalyst greatly reduced the formation of
byproducts such as aldehydes, formic acid, and Oa.

3. The third research was performed the results provide profound and
comprehensive insight into the characteristics of the plasma as well as the degradation of EA
using both AC and DC honeycomb catalyst discharge under various conditions (i.e., humidity,
GHSV, and temperature). The DC honeycomb catalyst discharge is more stable and easier to
operate at higher voltages compared to the AC honeycomb discharge under various atmospheric
conditions. Furthermore, EA conversion in the DC honeycomb catalyst discharge (96%) is
significantly higher than that in the AC discharge at the given applied voltage. The DC plasma
discharge in combination with the honeycomb catalyst renders the proposed system suitable for

practical applications.
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