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Abstract

Abstract

The transformation of carbon dioxide into added value chemicals by a péasiveated
catalytic process was studied. First of all, the current stat@Ogfreutilisationby plasma
assistedechnologeswas reviewedFollowed by an irdepth study on thprocess of plasma
catalysis the effects ofdilution gas (i.e. argon and nitroggnaddition and operaig
parameters in CQdissociation were systematically investigated in-tiermal atmospheric
pressure plasmiarium titanate BaTiOs) packedbed reactofrom bothan engineering and
scientific point of view. The extensive experimental and modelling study pobaiénsight

into the relationship between the operating parameters, plasma electrical properties and
electroninduced reaction processes in thigctlarge and the effect of théution gaseon the
product formation and reactionechanismThe results showed that there was a highey CO
conversion and energy efficiengythe studiedbackedbed reactothan the dielectric barrier
discharge(DBD) reactor with and without packed materials using electrodes covered by
dielectric layers.Based on the above research work, atlapth study of the complex
mechanism of plasmeatalysis interface reaction was carried out. A new model catalyst
(Ni/U-Al,0; nanaatalyst) with a minimum of physical and chemical variables was
specifically designed and synthesiséor plasmaassisted reactiors to help directly
understand the intrinsic role chtalytic active sitesluring the plasmaatalytic processin

situ time-resolved tuneable lead salt diode laser (TRliagnostics of carbon dioxide
decomposition over the model catalysts in a planar dielectric barrier discharge (DBD), non
thermal atmospheric pressure plasma rea¢ononstratedhat the active Ni metal sites do
enhance the plasneatalytic reactionin a similar wayas that in conventional catalytic
processesFinally, demonstration of a novel catalysis conceptirofsitu capturecatalytic
system was made fohe plasmaassisted catalytiovater gas shift reactionThis was
investigated in a barium titana{®aTiO;) packedbed, northermal atmospheric pressure
plasma reactor operatingt 298 K. The results showed that the pachestl reactorwith
CuBTC metatorganic framework (MOF) addition enhanced the CO conversion 48%®

The comprehensive charactation of the CuBTC MOF shows that CuBTC MOF exhibited
sustainably good physical and chemical stabilities during 4 h long term continuous plasma

reacton.
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Abstract

The research work in this thesis showed tiet BaTiQ ferroelectric, packeted, non

thermal plasma reactor is a potential and powerful environmental solution fer CO
dissociation and other similar pollution treatments with a much higherersiorandenergy
efficiencyat a high specific input energgnore maturend cheaper reactor configuratido

scaleup without the need for dielectric barriers. As catalyst introduced into the plasma
assisted process, the demonstrated similar catalytic ratatalfytic active sitesn plasma
catalytic processes asaonventional thermal catalytic processgened the gate to apply the
catalysts and basic catalytic theories in conventional thermal catalysis field into the non
thermal and atmospheric plasma pssms. The boundary of catalysis has been further
extended, especially for the ntmermal atmospheric catalytic processé&he catalysis
concept for the combination of plasroatalytic process and conventional thermal catalytic
process to enhance the agdmn process of the reactant and then catalyse it simultaneously
over the active sites at room temperature and atmospheric pressure could be realised, as
demonstrated by using the MOFs with a large gas capture capacity to catalyse water gas shift

reactionin non-thermal atmospheriglasma.
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Nowadays, under the increasing pressure of global warming and diminishing fossil fuel

1.1 Overview

reserves, carbon dioxide (GQeutilisation as a renewable and sustainable process is highly
attractive.A few studieshavebeen conducted on reactions using.@® a raw materiakor
example, CQ direct dissociatioror reforming with CH for the synthesis of oxygenated
chemicals andhydrocarbonsand also the moreecent CQ hydrogenation with hydrogen for
valueadded fuels and chemica$ room temperature and atmospheric presstoenpared
with CO, reductions undethermal, photoirradiation or electrolytic conditionshe non
therma plasmaassistedconversion of C@ operatingat room temperature and atmospheric
pressuras a promising energgfficient techniqudor produdion of H,, CO, MeOH and other

added value chemicals

The hybrid technique gblasmacatalysiscombininga plasmadischargewith a catalystis a
new methodfor further improving the efficiency and selectivity fothe reactions of CO
reutilisation In this thesis by usingnonthermalplasma technology, the transformation of
CQO; into higher valuechemicalswill be studiedrom both engineering and scientific points

of view.

However,due tolimited systematic researahork on the plasmaassistedCO, reutilisation

the relationshipbetweenplasmaphysical electrical characterisation and chemical reaction
mechanismis not fully understoodWhen catalysts are introduced into the plasma discharge,
the nonthermal plasmassistedcatalytic processebecome morecomplicated involving
physical, chemical, dielectric and electrical phenomena as well as mutesctrors or
synergistic effed between plasma and cataly§urrently, plasmacatalysismainly adopts
the catalysis theory and catalyptoven in conventional thermal catalysifws, anongstthe
unknownmechanisms involved iplasmacatalysis the first question is what the working
function of thecatalystis and what catalysis means in the contexplamacatalysis Apart
from the lack of thesystematianterpreation of the theoretical framework in this fieldhere
are also some unknown qtiess in the mainly experimentabut alsosimulationwork. For
example 1) Does a metal catady kehave the same ithe plasmacondition as in the
conventional thermal catalytic processan theplasmacatalytic process and conventional
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thermal catalytic procesde combinedto capture the reactant and then catalyse it
simultaneously over the active sites at room temperature and atmogplkssureTould a
material with a large gas capture capgcsuch as MOFs, perform that rol€rrther
investigatiols on both the plasmassisted and plasntatalytic processesare urgently
required Therefore, thefollowing work will attempt tofill some knowledgegapsin this

research area.

First, the plasmassisted C@directdissociatiorwill be systematicallystuded from multiple
points of view plasma physics, electricaéngineeringand chemical reaction engineering
This study will benefit the determiration of the optimum operating conditions and the
mechanism of product formationAfter the above study on thphysical and chemical
propertiesin plasmaassisted process the reaction mechanisopon catalyst introddion

into the plasma region, i.plasmacatalysis will also be investigatedocusing ortherole of
catalytic active sites ithe plasma discharge by decoupling the various variables in plasma
catalytic process After that, a novel catalysisconcept in situ plasmaassistedcapture
catalytic systenwill be investigatedi.e. to understand whether thlasmacatalytic process
and conventional thermal catalytic process be combinetb capture the reactant and then

catalyse it simultaneously over the active sites at room temperature and atmospheric pressure

Overall, he research work in this thesiéms to provide adetailedunderstanding of the
plasmaassisted anglasmacatalytic reactiors, which canlead towardghe future design of
specific catalystsused inplasmafor production of addedralue chemica, andsignificantly
improve the development @lasmacatalysisfor CO, conversion. Moremportantly based
on the understanding of plasma processes, the relationship betiweeplasmacatalytic
process andhe conventional thermal catalytic process will lnlederstood, especially in the

role of the active sites and catalytic mechanism.

1.2 Researchcontentsand objectives

The researchin this thesiscontains three main sections of work stars from the
comparatively simpleesearctsystem ofplasmaassisted procesgithout catalysts to plasma
catalytic process, and theomesto the combination othe plasmacatalytic process anithe
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conventional thermal catalytic procedghe detailedresearch contents and objectives are

listed as below

1) Plasma-assistedprocess

CQO, direct dissociationwill be investigated ira northermal,atmospherigressure, barium
titanate packetbed reactorfrom multiple points of view plasma physics, electrical
engineeringand chemical reaction engineerifigne objectives are:

U To determingheinfluenceof dilution gases (Ar and Nl on the CQ dissociation;n
order toobtain the first insight othemicalmechanism of product formatiampon

dilution gas addition

U To optimise the process by varying operating parametergjiseharge power, gas
flow rate and CQfractionin anextensive experimental and modelling stugich is
to understandhie relationship between the operating parameters, plasma electrical
properties and electremduced processes in the discharfygg optimising the

operating conditions.

2) Plasmacatalytic process

Based on theletailedunderstanding oéboveplasmaassistedeactionprocessthe plasma

catalysisprocess(i.e. plasmacatalytic reactionupon catalyst additionyill be investigated,
specificallythe synergistic effect between the plasma and the catalgstscilitate thestudy

on plasmacatalytic interactionthe detailedbjectives are

U To design a plasmeatalyst interface dielectric barrier discharge (DBD) reactor for
the diagnostics usinm situand in line FourieTransform Infrared (FTIR)mid-IR

tunableleadsalt diode laser and optical emission spectroscopy
U To design andynthesse a newmodel catalyst witra minimum of physicochemical

variablesand stablgphysicochemicapropertiesfor decouping the various variables

in aplasmacatalysisprocess
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U Toinvestigatehe surface reactiospeciesn plasmacatalysisby in situ diagnostics
U To identify the role otatalystactive sitesinderplasmaoperation
U Todetermingheactive species in theynthessed model catalysté plasma.

3) Plasmaassistedcapture-catalysis process

The above studyinvestigated the relationshippetween plasmaatalytic process and
conventional thermal catalytic process. Thusha last part of this thesia new plasma
catalysis concept of in situ plasmaassisted capturecatalysis systemwas studiedto
investigatethe feasibility andeffectiveness of the combination of plasn@alytic process
and conventional thermal catalytic procésisthe catalytic reactioat room temperature and
atmospheric pressur&hisin situ plasmaassistectapturecatalysis systerwasstudied asa
proof of concept experimeniising a metalorganic frameworKMOF) enhanced water gas
shift reaction, i.e. the mass transfer and adsorption prexespected to benhanced by the
strong water affinity of the open metal sites (OMSs) in CuBTC MOFifi.situ cagure),
following thein situ plasmaassistedsurface reaction over the active sites of the unsaturated
copper centres (i.e. catalysi$hereforethis in situ plasmaassistedcapturecatalytic system
here requiresa specific catalystwith active sites thatan not onlyenhance the surface

adsorption of the reactariiutbe capabl®f catalysinghereactangin plasma.

1.3. Thesisoutline

Chapter 2 reviewplasmatechnologes for norrthermalplasmaassistecconversion of CQ
This chapterfirst gives a brief general background of plasnmiechnology and associated
plasmacatalysis An intensive discussion is focusedtbe stateof-the-art of technologes for

CO; reutilisation.
Chapter 3 describabe effect of dilution by argoand nitrogen upon GQlissociation in a

nontthermal, atmospheric pressure, barium titanzdekedbed reactor where there have

been comparatively few experimental studilse quantified product distributions, electrical
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characterisation of the plasmaptical emission spectroscopgnd energy efficiencyvere
measuredPossible mechanisms are presented for the effect of Ar and Me dissociation

of CO, and for the formation aby-productsbased on discharge processes in the plasma and
the subsequerhemistry.

Chapter 4is a further studyon CO, dissociation in a nothermal, atmospheric pressure,
barium titanatgpackedbed reactor The effects of discharge power, gas flow rate &
fraction on the electrical characteristics of the discharge; @dversion, energy efficiency

and composition of products were studied.

Chapter 5 reportea new weldefined Ni nanoparticle (NP) model catalyst prepared by
Femtosecond Pulsed Laser Depositig® PLD). The catalyst will becomprehensivg
characterisd using atomic force microscopy (AFM), scanning transmission electron
microscope (STEM), energy dispersiverdy spectroscopyEDS), Raman scatterirand X
ray photoelectron spectroscopy (XP3he characterisation results will show whethes
catalytic adve sitesrelated propertiesan beconsidered aa whole aghe single variabléo
fully decouplethe plasmaatalytic process ofCO, dissociation The intrinsic role of Ni

species undearonthermal plasmaonditionwill be specifically investigated
Chapter6 is a proofof concept studyo demonstratea novel catalysis concepf in situ
plasmaassistedcapturecatalytic systenusingmetal organic frameworksVlOFs) enhanced

water gas shifteaction

Chapter 7 imsummary of all experimental resuiadconclusions, following witlsuggested

future workneededor continuing thigesearch
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Chapter 2

A review of plasma-assisted conversion for
CC
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Since thefirst Industrial Revolutiorstarting fromaround1760in Manchester, Great Britain

2.1 Introduction

conventional thermal catalysis plays one of the most importard f@lendustrialsation.
Now the conventional thermal techniquesing fossil fuelscan basically meehe need of
industrial and agricultural productiodowever,the high energy consumptighnigh-pollution,
and high emissionsdustries based on fossil fualérectly causedr exacerbated climate
change and deterioration of the ecological environmeéhtis the increasing pressure of
global warming and diminishing fossil fuel reserves are driving the developmeravef

energyefficient, costeffective technologieand reaction routassing sustainable resousce

The amount of carbon dioxide in the atmosphes increaseldly more than30% since the
industrial revolution, and around 90% of hur@ausedcarbon dioxide €O,) emissions
come from fossil fuels and industfy]. The prodigious solutiaifor abatingcarbon dioxide,
including CO, emission reduction, capture amdilisation are required to inbit global
warming [2]. Among them, C@ reutilisation is one of thaopical research areas in the
industrial field, due to @arbon dioxideas one of the main greenhougsesis considered as
one inexpensive, netoxic, nonflammable and naturally abundant C1 feedst@k Hence,
any successes in research and application fof @Qtilisation will have positive effects

towards carbon management amyironmerdl improvement.

One of themain challenges for COreutilisation is due to thénigh stability of the CQ@
molecule, where high energy inpubf 5.5 eV/moleculdas required to break the chemical
bondof C=0[4]. The potential CQfixation reaction has been discussed in recent rei2ws

3, 5, 6]. Based on current techni@g €O, can be converted intioels like methanol, formic

acid, dimethyl carbonate, methyl formate, hydrocarbons and other added value chemicals, as

shown inFigure2.1[5].

Among the reactions ifrigure 2.1, CO, direct dissociatior{R1), is the most direct way for
CGO; redtilisation, which can provide high CO concentration for the synthesis of oxygenated
chemicalsand hydrocarbong7]. CO, reforming of CH (R2) is also one of the most

extensivelystudiedreactions. The basic reaction of these two molecules is to produce syngas
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(CO and H), which is the basic material of chemicamdustry[8]. On the other hand, GO
reforming of CH is alsocalled dry reforming of methane because it can be employed in
water shortage areas. The environmental benefits of dry reforming of methane are significant
removal of greenhouse gas, providing clean enandly biogas and natat gasutilisation.
Recently,the CQ hydrogenationwith hydrogen(R3 i R6) for valueadded fuels and
chemicalshas attracted significant interestue to the high energy efficiency and mild

operating conditiond.e. as low as room temperature and atmospheric pre$Spre)
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Figure2.1. Schemef the fixation of carbon dioxide to added value chemif3ls
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CO,+H, Y HCOH y(? i31k 3nod ( B
CO,+3H,Y GCiBH +H0 y(? i49k ol ( B
CO;+4H,Y C4H 2H0 y(? i164.mMolkJ ( B

Numerous methods have beendevelopedto realise the above reactionsncluding
thermochemicalelectrochemical, photochemichiochemicabnd plasmassisted preesses,
providing slight variatiors in the product createdzor instancethe conventional catalytic
processes typically produe@rioushydrocarbons, Hand oxygenates, whilplasmaassisted
processes have the main productsyfgasandlow-carbon hydrocarbons, such@sl, [10].
Different methods aralsoreported to reate with a variation in the energy efficiencies. For
instance, C@ direct dissociation (R1with thermal methods such as direct heating at
temperatures in excess of 2000 K and thermal plasmwa theeoretical energy efficiency as
high as 1.88 mmol KJ[4]. However, the highest energy efficiency reported is in a non
thermalmicrowave plasm#§l1] under conditions of low pressu(@.71 26.7 kPa and with
supersonic gas flow achieved 2.57 mmol*kXRecently, the solar energy driven
thermochemical[12], electrochemical13] and photochemical process¢s4, 15 were
developed, and the highest energy efficiency arsoiing solardriven techniques reported
was only 0.23 mmol kJusing aphotovoltaic PV)-electrolysef13]. The energy efficiencies
achieved in experimentsf nonthermal plasma dissociation of @@re generally an order of

magnitude less efficient than the best thermal and low pressure plasma $¢$tems

Amongst these methods,hé nonthermal plasma (NTP) assisted catalytic processes are
gradually recognised as one of the promising tools to tackle the challenges of environmental
pollutant abatement and energfficient chemical procses because of the mild operating
conditions and low energy consumption compared to conventional thermal cafagsls-

21] Therefore, in the following two sections, a brief general background of plasma
tecmologyand associateplasmacatalysiswill be first discussed isection 2.2, folloved by

adiscussioronthe stateof-the-art technologes for CQ reutilisationin Section 2.3
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2.2 Plasma technology

2.2.1 Plasma type

Plasmais considered athe fourth state of matter, which is higher energy state compared to
gas.In this state, the atoms and molecules are partially ionised by the higher exciting energy
i.e. electrons are able to leave the atom/molecule creating charged species. Hencas plasma

also considered as an energy source for various applications.
Plasma can be classifiégto two categories: equilibrium and nequilibrium plasmas also
known as thermal and nghermal plasmas. The common plasma tyf##% are listed in

Table 21.

Table 2.1 Classification of plasmE22].

Plasma State Examples
Thermal Plasma

Te T| Tg Tr TV =

High Temperatur®lasma 187 1P K Thermonuclear Fusion,

(Thermal equilibrium) e 10°m?® Solar Core

Low Temperaturélasma ;ex 12‘4 KTg T Ty Arc plasma, RF inductively

(Quastequilibrium) n 100 m? coupled discharge, Lightning
e

Plasma nedle, Micro hollow
Te Tw>Ti Tq T, = cathode discharge (MHCD),
30071 10°K Dielectric barrier discharge
ne 10°m? (DBD), Glow discharge
Corona discharge

Non-thermal Plasma
(Non-equilibrium)

Te = electron temperaturel; = ion temperature,Tg gas temperature], = rotational

temperatureT, = vibrational, and = number density

In thermal plasma, sufficient energy and time are applied to gengratmodynamic
equilibnum in the discharge regionvhich leads to the uniform temperature in the discharge
i.e. the electron temperatur®., is the sameas the heavy particle temperag) Tg. The
thermal plasmacan also be classified to two categories: high temperature and low
temperature thermal plasmapnang on the equilibrium temperaturé€he high temperature

thermal plasma is typicah thermal equilibrium at a temperaturel8® i 1% K, whilst low
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temperature one isnderquasiequilibrium at a temperature2 10" K. In contrast, non
thermal plasmas a nonequilibriumsystemcharacterised with different temperatures relating

to the plasma specieBecause of the difference mass, the plasma generatddctrons are

much easier and faster to come into thermodynamic equilibrium amongst themselves than
they achieve equilibrium with the ions or neutral atoms. Thesvy particles (ions and
neutrals)usually exhibit a muclower temperaturgTy = 3007 10° K) than the electronis a
nontthermal plasmaespecially in manweakly ionised plasma discharges whikre bulk gas

temperature is near smbienttemperaturg4].

2.2.2 Atmospheric pressure non-thermal plasma system

Applicatiors of atmospheric pressure, ntdmermal plasma ere widely studied becausef

thar mild operating conditions and higher energy efficiency. Amostg them, the
surfacepackedbed dischargedielectric barrier discharge (DBD), the atmospheric pressure
glow discharge (APGD), the atmospheric pressure plasma jet (APPJ), the corona discharge,
and the nosthermalradio frequencyRF) discharge are well stugll. Figure 2.2 shows the
typical electric breakdown for atmospheric pressurerthermal plasmawith a discharge
gap < 5 cmFor adischarge gas breakdown in a discharge daby voltage)V, (i.e. electric

field E= V/d, or reduced electric fiel&E/N, N is the concentration of heavy partiglethe
electrons drift to the anodégnise the neutral gas molecules and then further generate
avalanches to ignite plasma@he drifted electronscan also generatethe spark, also called
streameiat high pressurard biggerdischargegap > 5 cmwhich prevents the sustainability

of a stable plasma dischargé/hen one or two electrodes are coveredabyinsulating
materia) the dielectric barrier discharge can be generated, winereslectrons will be
collected overhe surface of the dielectric barri¢ihus preventing spark4].
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Figure 2.2 The typical electric breakdown for atmospheric pressuretmemalplasma4].

Here in our studywe will focus on 1) the surface/packedbed discharge in packedbed
reactor an@) the dielectric barrier discharge (B in a planar reactdsecause it is easier to
operateat ambient temperature and atmospheric pres$techaracterisatiosiof discharge
in the packedbedreactor and DBD reactaystemarediscusseds follows

Thesurface/packetted discharge in theapked dielectric and ferroelectric bed reactors have
been widely studied and shown to be more effective than other atmospheric pressure, non
thermal plasma sourcésr a range of environmental applications, such as the abatement of
volatile organic compouds (VOCs)[23, 24] and NQ removal[25]. In apackedbedplasma
reactor, a dielectric material usually in the form of spherical pellets is packed bdwaeen
electrodes to which is supplied an AC or pulsed high voltage. The dielectric materials used
include glass, quartz, alumina, titania, ceramics and ferroele¢8&she materials can also

be catalytic. A common material is barium titanate, BaJTu@hich has a very high dielectric
constant U= 10007 10000) and is ferroelectri@The higher dielectric constant bfarium
titanatematerial leads to aenhanced electric field due to tpelarisation of the dielectric
material as a result of the applied potalit27], so that the electrons with higher energies can

be produced at a particular plasma power. In addition, the higher dielectric constant of

BaTiO; also will increase the reactor temperature more readily through the Joule [2&ting
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Figure 2.3. e general configuratisof theoriginal packedbed reactofleft) anda packed
doubleDBD reactor (ight) [16].

In the original form of a packebled reactgras shown irFigure 2.3 (left), the packing was
directly in contact with the electrode material and the discharge starts one of the electrodes,
travels to the other and increasingly becomes concentrated at the points of contact between
the beads. This packdmbd arrangement gives andittnal advantage over a packed DBD

by creating an extended discharge region between the electrodes because there is no
restriction on the inteelectrode spacing as there is in sustaining a discharge a packed DBD.
In addition, observational and simulategults[25, 28, 29] show that the discharge does not
contact the electrodes in this configuration and is found only between adjacent beads, and
thus the possibility of any catalytic conversion of teactant by the metal electrode during

the plasma process as is observed in single DBD reactor with an uncovered e|8&r8tle

is very unlikely.

Dielectric barrier discharge (DBD) &nother popular reactor configuration withypical AC
discharge. It providegither a thermodynami@r nonequilibrium plasma at atmospheric
pressure at moderate gas tempera8g The dischargés ignited between two electrodes

with at least one of the electrode insulated by a dielectric barrier in the discharge gas. The

typical electrode arrangements of DBD configurations are shoWwigune 2.4.

Volume discharge can be arranged either planar or coaxial configuration. With the planar

electrode arrangement (top three configurations in Figure 2.4), one or two dielectric barriers
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are arranged in the gas of two parallel electrodes. With theat@arangement (middle three
configurations in Figure 2.4), one electrode is inside the other, and also one or two dielectric
barriers are installed in the gap. The surface discharge is also as shown in the bottom two
configurations of Figure 2.4. In thesconfigurations, the filamentary microdischarges are
randomly distributed over the surface of the electrode. The first two (planar and coaxial)
configurations are widely used for lab study because the generated discharge is with a similar
physical propest which benefits reducing the system variables during the plassiasted

reaction.

More recently the dielectric barrier discharge (DBD) reactors have been formed by simply
placing packing into the discharge region where it is in contact with the dielectric material
that covers the electrode rather than with the electrode itself in &¢plbedt reactor. The
differences of the general configurations of the original patieetireactor and that of a
packed double DBD reactor can be seen in Figure[ZBB The dielectric material in a
packed DBD can be applied to both or just one electrode, as can be seen in Figure 2.4.
Packing changes the characteristics of the discharge by altering the overall capacitance,

which allows operation of the DBD at lower val&s for a particular plasma powgt7, 32]
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Figure 2.4. Typical electrode arrangements of dielectric barrier discharge configura#lons

The differentconfigurations of packeted reactor and DBD reactor can not only influence

the reaction processes, but also lead to the different diagnostic methods that could be applied
to the reactor systems. For example, the setup using paekietkactor is more difficult to
applyin situ diagnostic techniques, such as temperature measoitrgmube, infrared beam,

into the discharge region, i.e. the small gap between the packing beads. Optical emission
spectroscopy (OES) is the most conveniensitu diagnostic method for the reaction in a
packedbed reactor. Compare to that, the setup qugMBD reactor, especially with planar

DBD configurations, is much easier due to the discharge gap in DBD being much bigger.
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Therefore, the idepth analysis of the reaction processes in a pao&ddeactor is much

more difficult than that in a DBD reactor

2.2.3 Synergistic effects in plasma-catalysis

With low temperature plasma technology becoming mature, plasma technology is &pplied
diverse and interdisciplinary fielRHbhadThe
reported 16 formaded topics of plasma application on the status, current and future
challenges, and also addressed the required science and engineering advances to meet these

challenges.

In order to better understand the mechanism of the plasma discharge and chemicakreact
during the plasmassisted reaction processtg following section will focusn the plasma
application for theplasmacatalysisfrom the view of chemical engineering. The report on the
catalytic effect of the plasma process dated badl©ogi by Ray and Andereg§33, 34]. One

of the earliest papers about the incorporation of catalysts and plasma was reported by Gicquel
and Cavadias in 196@85]. They investigated the decomposition of ammonia for hydrogen
over the plasmassisted tungsten oxad(WQ) catalysts surface. The solid surface of the
catalysts had a positive impact on the perturbation of the steady state of the plasma, leading
to a higher conversion of the reaction. The catalysts were proposed to be able to enhance the
reaction activity for environmental cleaip by removing common pollutant§36] and
enablinghydrocarbon reforminga{so like CH and CQ) for added value chemicd&l, 37,

38].

Figure 2.5 shows theamount of publication®n the studyof on plasmaassisted catalysis
based on the source of ISI Web of Science (up to December 2016). It is clear that the research
interest in plasmassisted processes has experienced explosive growth in the last decade.

Now it is the time to take stoak the studyfield on plasmacatalysis
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Figure2.5. The amount of publicatioon the studyof plasmaassisted catalysis based on the
source of ISI Web of Science (up to December 2016).

In the field of catalysis, the most widely used one is conventional theataysis, which is
usually operated under high temperature and pressure in order to achieve high thermal
conversion39]. These reaction conditions will result in high energy consumption and metal
sinteringof the active metal sites over the surface of the metal catalsts the careful

design and fabrication of the catalysts are required to enhancattigtic performanceas
discussed in detail in the recent review paper ftoengroup ofSomorja [40]. However, the
plasmaassisted catalysis can often give significantly reduced operating temperasret

as room temperature aatihospheric pressure, which will be more enetficientand cost
effective[17].

A synergistic effect is often reported where the plasma process was improved in the presence
of catalysismorethan the separate effects of plasma processing and catalysis combined. For
instance, as shown fRigure 2.6 for the toluene destruction in air, using either only plasma
process or only thermal catalytic process can only achieve about 10 % of toluene destruction.
However, the plasmaassistedcatalytic process significantly increased the conversion of
tolueneto around65 %, which is more than a factor of three than the mere addition of plasma

and catalysts alord 1, 42].
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Figure2.6. Comparison of the reaction performances using thermal, catalysis and plasma
methods for the destruction of tolugdd, 42].

However, the mechaniswf both plasmaassistedprocess anglasmacatalytic processare

far from understood. To study the synergistic effectptEsmacatalysis two reaction
configurations can be employed as showkigure2.7: (1) two stage configuration with the
catalysts downstream of the discharge, which shthe efect of plasma and catalysts
separately; (2) one stage configuration with the catalysts in the discharge gap, whish show
the synergistic effect of combinations of plasma and catalysts in the same temporal and

spatial reaction scales.

Two Stage Plasma — Catalysis One Stage Plasma — Catalysis

{

ﬂ

H.V.

Catalyst downstream of Discharge Catalyst in Discharge

Figure2.7. Reaction configurations to study tpeasmacatalysisprocess

Recently, the various effects of the plasma on the catalyst and of the catalyst on the plasma
that have been described in the literature are reviewed/lotehead[17], Kim et al.[19]
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Chen[36], Neytset al.[18] and Neyts andBogaerts[20]. Refering to these reviews, the

synergistic effect iplasmacatalysiscan be summased as klow.
(1) Effects of catalysts on plasma:

1) Electric field enhancemerdue to the surface roughnessid conductivity of the
catalyst, especiallgt the points of contact between taalyst particles

2) Plasma region extension, formation of microdischaiigegle catalyst pores;

3) Change in discharge typesuch as surface discharge or filamentary microdischarge

4) Increase of the residence tintkie to the packing effect and alsmhance the

adsorption of reactant or pollutantsrertheactive sites ofhe catayst
(2) Effects of plasma on catalysts:

1) Enhancement in the physicochemical properties of the catalyst, i.e. adsorption
probability, surface area, metal dispersion and oxidation state; photon irradiation
and excited state@JV radiation by the photocatdig catalyst3; reduction of metal
oxide catalysts to their metallic form, Reduced coke formation and also probably
work function of the catalyst;

2) Formation of hot spots, enhance the reaction and/or deactivate the catalyst;

3) Lowering the activation barrierandchanging the reactiopathwvays.

It is noteworthythat the catalysts used for plaswstalytic procesarestill restricted to the
catalysts used in thermocatalytic proceEbe intrinsic role of the catalystds not clear
becausdghe multiple variables such as plasma types, reactor/support configurations, catalyst
properties and operating parameters are not decodpiedothe complexity ofa plasma
catalyticprocess.To the best of our knowledge, there are no specific catatgsigned for

plasmacatalyticprocessso far[17].
Furthermoremost reaction mechanisnused in plasma atmsed onthe r oposed s el

of reaction in thetimec dtwamtya ni aEher themesdtyin.o n |

conventionalcatalytic processs is known to differwhen plasma is introduceld7]. For
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instance Au is known as an active site in the catalytic ozonation ofi€@ermocatalytic
processs [34]. Therefore, a fully deactivated Au/Ti@atalyst cannot oxidise CO via the
conventionalEleyi Rideal (B R) mechanism43]. However CO was found to be oxidised
over thatdeactivatedcatalyst in the presence of plasidd]. This can be explained by the
reverse ER reaction mechanismccuring in the plasma, where the gghase plasma

induced radicals could attack the adsorbed molecules dif86jly

For the fut uirne csih@wecties adsaed moofn t he key tech
the oreasequence ampd abma en d alt $ntpastiouat,in sitg .
monitoring of the surface can release the -tea¢ adsorption anddesorption of the
production of intermediateE x per i ment al devel opnment tne asri & ui
charactiemr itstad ipplmeEsahaap tyd ddebuss iangwi de range of
anal ytical t ecihfnfi que st e fsluedt aansce i nfrared
( DRI HFBBBFTI[RR attenuated t eRTa|RDr editd ey eam,c ei
i's al so svwmeecédduisgdadesi N conventiarneat yber mphp
to plcasmaytic snholdi e@atiscuadh taeschni ques of
Gener othiaode-amb i-pernets sruaye pkhot oel ectr o-KPS)pect

using oynchfoPart i on

2.3. Plasmaassisted conversion for CQ

Different methods (as discussed in Section 2.1) were developaetdaominethe different
reaction routs (Figure 2.1). The discussiongn this sectionwill specifically focus on the
recent advances in tlifferent routes for C@reduction usingion-thermalplasma

2.3.1 CQdirect dissociation to CO and O

CO,Y CO-Os y(? 283.3%J mol (R1)
There has been interest in dissociation of,@@o CO and @ (R1) usingvarious non
thermal plasma sourcd®1, 27, 53, 54], such as low pressure microwaj#l], radio

frequency[55], corona dischargb€], gliding arc[57, 58], atmospheric pressure microwave
[59], microhollow cathode dischge (MHCD) [60, 61], AC glow dischargd62, 63], and
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dielectric barrier dischargesith and without packingnaterials[28, 64-75]. Thus, in this
section,the improvemers in the techniques oplasmaassistedCO, dissociationhas been
discussedn detail whilst the detailedreactionmechanismn plasmaassistedCO, will be

interpreted in Chapter 4.

The initial aim of this study is to compare the performarice. CQ conversion and energy
efficiency) of the different techniquee undertypical operating conditiand reactor types
Theresultsof CO, dissociation usinglifferentplasma sourceseresummarsedin Table 2.2
The following Eg. 17 5 were used fothe recalculation othe conversion anthe energy

efficiency.

Specificinputenergy SIE, (kJL™) = Dlschargqoower(kvv_)l (@)
Totalgasflow rate(L s™)
Neo iNput(mols™) - n., outputmols™
Conversiorof CO,, X (%) = —= put( : )~ Neo, _1p « )3100 2)
Neo iNput(mols™)
Neo, inputl mol $1)- n.g outpyt mol 3
Effective Conversion of CO Xe ( V& © ( ) o L( ) 3 1 (3)
n total input( mol "51)
Neo iNPUt(mmols™) - n., outpummols™
Energyefficiency, EE (mmolkJ?) =—=2 pui( )~ Moo, OULP UL ) (4)

Dischargep ower(kW)

RHg (kI xixg, (%))

Energyefficiency, o
& v o SIE(KJI L) x 22.4 (L mot )

(%)

From Table2.2, a relative order of the energy efficiency at the sintillif has been obtained
for reactivity toward C@decomposition: ultrdaigh frequencUHF) microwave DC corona
discharge DC nontequilibrium discharge >> Low pressure Raffiequency (RF)nonself

sustained discharge >> microwavkermal plasma jetDC microhollow cathode discharge

42



A review of plasmeassisted conversion for GCR@{ETel{=/§]

(MHCD), AC DBD, AC glow discharge. The first three plasma types have much higher
energy efficiency (> 1.5 mmol RJ compared tdhe others (< 1 mmol kY. Amongst the
surveyediterature AC glow discharge had the lowest energy efficiepaytially due to the

high concentration of carrier gas (887.5 % He)which consumed significant amount of
energy[62, 63, 76]. The maximumEE achieved up to now was 2.232.57 mmol kJ* by

UHF microwave plasm@l1] with 157 30 % conversion at 2.4 GHz frequency, 800 K gas

Table2.2. Comparison bdifferent plasma reactors for GOonversion at atmospheric

pressure
Specific operation Frequency SIE Conversion EE q
Plasma type diti Ref.
condition / Hz /kJL? X! % / mmol kJ* 1 %
Gastunnettype 5
<Pa:90 % Ar 2 4.8 30 0.279 7.8 [77]
Thermal plasma jet Fantype reactors Temperat
84.460. 79T, ur'\jK51 9.196.61 26-14 0.20-0.37 | 5.5710.50 | [79]
. GT-800K;
UHF ISTOWAVE | working pressure| 2.4 G 3.0(? 3647- 1520-30 2'223’ 5'35 - 6360375'5 [11]
P 6.77 26.7kPa ' ' '
Applied
Ezjicsfhoz;f“ea ? voltageof |  1.77 8 2.01 56 [56]
9 75KV
DC nonequilibrium
Gliding Arc 2 2 1.33 4.5 1.51 43 [57]
Low pressure
Radiofrequency 100 200 Pa 13.56 M | 1504000 40-90 0.12-0.01 3-0.2 [55]
(RF)
X . High voltage
Norkseltsustained | ) 150410 kv, 20 k 516.22 1-50 0.0010.52 | 0.0214.6 | [79
discharge T 43.02
durationU =
Atmospheric 101kPa 245G | 5.6105 9-48 0.80-0.25 20-5.4 [59]
pressure Microwave
Grooved cathode ? 125 5.2 0.19 53 [60]
Applied voltage ? 0.180.04 | 0.190.12 | 018153 | 4.99433 | 66
DC MHCD of 4.5 kV
10.4 % Ar
Applied voltage ? 1.59 1.84 0.46 13.7 [61]
of 4.5 kV
AC DBD-0.6 mm 2 18k 3075 9.314.5 0.14-0.09 3.92.4 9
9ap Packed with CaO| 18k 4575 325419 | 0.320.% 9.1:7.0
AC DBD-1 mm gap 90 % Ar 1k 0.6-10.0 0.59.0 0.04-0.04 | 1.051.14 | [64]
Pure 23.5k 7.6 5.00 0.29 8.29
AC DBD-1.83 mm [70]
95 % Ar 23.5k 8 41 0.11 2.99
AC DBD-2mm 2 60k 120-240 21.1-30 0.08-0.06 2.2-1.5 | [66]
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AC DED.3 " 9k 2460 74165 | 014012 | 3.89-3.47 -
Packed with 9k 24-60 138232 | 026021 | 7.%55.92
BaTiO;

125135 32.4
? K 52 95 6.8-12.6 0.10-0.11 2.64-3.00

AC DBD-4 mm — — - [67]
Packed wit 125135 4 158205 | 0.2-017 | 6.144.8

CaTiO; k 52.95
96 % He Au 8.1k 0.335.04 7.319.2 0.40-0.07 11.1-1.92
AC Glow Discharge [63]
96 % He Cu 8.1k 0.365.19 | 7.2819.4 0.36:0.07 10.191.88
o .
975 ;"_H:d GT 50 8.1k 5.140.46 15.22.8 0.030.07 0.931.2 [62]
AC glow discharge o
975 f _Hsr’] GT 50 8.1k 1.71-0.43 12.45.8 0.080.15 2.284.27 [76]

Note: The data of discharge power, gas flow rate anglad@@version were collected from the
literature and then were used for the recalculation of the energy efficiency based on the
formulali 5 as belowY(? used her e mb’b (SyhBoBdegriptiod, e.g. AC

DBD i 4 mm means DBD discharge gapdahm)

temperature and 61726.7 kPa. Meanwhile, the highest £&nversion achieved is 90 % by
low pressure Radifrequency (RF) witfEE 0.01 mmol k3 at 13.56 MHz frequency and 100
i 200 Pa.

The intrinsic reason for the different energy efficiencies afiaus northermal plasma
sources can be ascribed to ttiéferent efficienges of the energy transfefrom plasma
electrons to different channels of excitatioanisation and dissociatioaf the molecule
depending on the reduced electric fiettength of the dischargé&igure 2.8 shows the
fraction of thenonthermal dischargenergy transferredrom plasma electron® different
channels of excitationpnisation and dissociation of G@s a function ofhe reduced electric
field, which is c&ulated by Bogaerts et 4R7] using the cross section of the corresponding
electron impact reactiong€ach plasma source hastypical range of genated reduced
electric field strengthFor instance,he reduced electric fielf microwave (MW) plasma
and gliding ardGA) is on the order 06071 100Td, whilstthereduced electric fieldf DBD
packedbed reactors typical over 200 d. [74]
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Figure2.8. The fraction of the nethermal discharge energy transferred from plasma
electrons to different channels of excitation, ionisation and dissociation cé<C&function
of the reduced ekttric field, calculated by Bogaerts et[@7] using the cross section of the

corresponding electron impact reactions.

As seen irFigure2.8, in a highvalue ofreduced electric field, such as the DBD and packed
bed conditions, C@dissociation ignainly by means of electronic excitation of £@here
the electron energy needs to exc&edV for thestraightforward adiabatic dissociation to
form CO(E") and O('D) [4]. However, thevibrational exciation of CQ molecules is
relatively suppresseith this region[80]. The typical reduced electric fieldor MW and GA
plasmais much lower than that in DBD and packeedd conditions, yieldg low electron
energieswhich induceCQO, dissociation mainly by electron impact vibrational excitation of
the first vibrational level of the asymmetric stretching m(teen line) CO,(001)[27]. This
vibrational excitation is followed by vibratioraibrational (VV) collisions,which will lead

to a gradual populabn of the higherexcited vibrational levels. When the energy of the
highestvibrational level exceesltheexactdissociation thresholdf 5.5 eV, the OC=0 bond
of CO; is dissociated via the neadiabatic elementary dissociation to produce '‘9(and
OCP). This stepby-step vibrational excitation as a result of VV quantum exgkas also
calledi | aeg¢dermbi ngo pr o dFigwseR Canpared to the highdtivation
energy requiredor the electron impact dissociationi(7L0 e\) at highreduced electric field
the lower energy required wibrational excitation induced dissociation (5.5 deads to
exponentially fastereaction rate and more energfficient dissociatior81]. In addition, the
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energy investment in ionization for plasma ignition is more effidieimicrowave discharge,
because the electrons generated in microwave plasma can be sustainably used, but that in
DBD need to be regenerated in each discharge cheisexplairs why the energy efficiency

in microwave discharge is typically higher thaattinDBD in Table 2.2.

e+C0,->e+CO0+0

Direct dissociation

5.5 eV

,.,
O
<

Stepwise vibrational

excitation

o = N W & u o -~ Energy(eV)

Co, (1z*)
v

0-CO distance

Figure2.9. A schematic illustration a0, electronic and vibrationaéVels[80].

It is also worth to mention that atgiven reducedelectric field,the electron energin the
dischargdollows the electron energy distribution function (EED#}h a high energy tajlas
shown in Figure 2.10. Therefomhen discusag the electric field properties, both the mean

electron energgnd the high energy tail in EEDF need to be taken into consideration.
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Figure 2.10Electron energy distribution functiand mean electron energy in g@asma
as the function of electromergy at a reduced electric field of 200 Td simulated using
BOLSIG+[82].

The comparisosiof energy efficiency in different plasma typeTable 2.2 alsshow that the
energy efficiency obtainedhay bedepending on not only theeaction routs induced by
plasma sourceasdiscussedbove but alsomanyothervariables, such ashe experimental

setup and discharge conditions, like discharge configuration, gas temperature and pressure,
frequency and packing material$he effect of different variables could lead to very

confusng results forcomparisonSeveral examples are illustratesifollows

1) The different plasma resources showdflerent effecs on the same dilution gas.
Snoeckx et al[74] experimerally and computationally studied the conversion of a
CO,/N, gas mixture in an unpacked DBD reactor. Their results showed that the
dilution by N, increased the CfOconversion, but reduced the energy efficiency.
However, Indarto et a[58] found an opposite tnel in a gliding arc plasma reactor,
where the C@ conversion and the energy efficiency increased with increasing N
fraction.

2) The reactor configuration showed different eféem the reactive activitgnd energy
efficiency for CQ dissociation for the A@low discharge with the presenceroétal
catalysts coated over the inner electrode. Wang §3lused a tubular type reactor
and obtained the relative order@fi > Au >Rh>Fe Pd Ptfor reactivity toward
CO, decomposition. Whileasreported by Brock62] and Suib, S. [76], a relative
order of Rh > Pt Cu > Pd > Au/Rh Rh/Au Au was obtained by using fagpe
reactors. Although the COconversions obtained by the former literature were
relatively lower than the results reported by later twports the former one had
achievedamuch higher energy efficiency.

3) Packing matdals addition and shorter discharge gap (fromi0&6mm[64, 66, 67,
69-71] ) for DBD reactorsignificantly enhanced thenergy efficiency.The packing
materialsof CaO [69], BaTiO; [71] and CaTiQ [67] were reportedto give higher
CO, conversion compared to other studlimaterials such assilica gel, quartz, -
Al,0s,| -Al,03 and glass beads.
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It is clearthatdue tolimited systematic research comiparthe effect ofdifferentvariablesin
plasma processethe correhtion of differentresults from literaturgerformed indifferent
conditions is not straightforward and a caresmminationis required.Therefore,research
interestan the last 3 yearare intended to carry out mosgstematicstudyandpresent more
comprehensiveesultscombining egression maels [73, 83] and reaction kinetics modsl
[84-86], in order to obtaira better understaig of the above discusseg@riables, i.e. plasma
types, experimental sep and discharge conditiortkat influence the reaction conversion

and energy efficiency

The various plasmaprocessingparameters, such as gsw rate, discharge frequendy
power/ length/ gap, and dielectric matr i a | 6 s, showeddiffdeemteflects on the CO
dissociationin a cylindrical dielectric barrier discharge (DBD) reactdei and Xin[83]
proposed aegression moddb elucidate the relative significance of these parameters. Their
results showedhatthe CQ conversion was mainlinfluencedby the gas flow rate of CO
andthedischarge powemwhilst theenergy efficiencywas more significantly affected lile
discharge powelThus, it implies thatfor a typical comparison of the COconversionin a

DBD reactor only two parameters, i.e. gas flow rate and discharge pomesd to be

considered

More recentlyMichielsenet al.[87] reportedthe influence of thgpacking materia without
any significantcatalytic activationwere studiedin a packed DBD reactdo distinguish the
interactionbetween the physicochemical packing properties (iféerent controlled sizes
and chemicakompositios of spherical beads of S¥0Zr0O,, Al,O;3 and BaTiQ) and the
conversion and energy efficiency of gW@issociation.Their results indicated that the
physical propest (i.e. bead sizedf the packing materialsmainly influenced the residence
time, which had a negative correlatiorwith CO, conversion.Apart from the catalytic
activation the intrinsic chemical properties of the mateah significantly improve the
conversion and energy efficiency. For instaribe higher dielectriconstanthad a positive
contribution to the C@dissociation due to an enhanced electric figldthe presee of
packingmaterialwith higher dielectricconstan{27]. More importantly, Michielsenet al.[87]

found that lhe reactor seps showed a vast impact on the influence of the materials.
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The aboveeportedresearcheshow that the optimisationof the reaction performanced.
CO, conversion and energy efficiejcghould focus on not only tuning the operating
parameters, but also adapting themistryand physical propertiesf the packingmaterialin
the most optimalreactor configurationandsetups.Thereforeit is expected thad large area
of further improverent in the reaction conversion and eneegficiency would be achieved

for thenonthermalplasmaassistedCO, dissociation.

2.3.2 CQ reforming to syngas

CO,+CH,Y 2 COp + 2 HY(’ 247ma (R2)

Theunderstanding of thabovediscussed C@directdissociationthe simplestCO, involved
reactio) would significantly benefit the design of other potential roatéor the CQ
reutilisation (Figure 2.1 in Section 2.1)CO, reforming with CH; (R2), also called ay
reforming of methane facilitating the conversion otwo greenhousegasesin a onestep
process,has been extensivelyinvestigatedin the past few decade#lore recently CO,
reforming of methanolor high purity syngas production wasso reported sing a rotating
gliding arc plasmd88]. Although plasmaassistedcatalyst synthesis can also promote the
catalytic activities of the catalysts for conventional theroaaalytic reforming ofCO, and
CH, [89], thistopic is notincludedhere.The following discussion will mainly focus on the
plasmaassistedCO, reformingtechniques for synggsroduction The plasmaassistedCO,

reformingwith CH, experienced typical three stagegiefrelopment

1) The initial studywas conductedsingseveral different types of plasma souraéme
to activatethe reactionsuch aglielectric barrier dischargg80-94], microwave[95],
gliding arcs[96] and corona dischargg87]. Their results show #t syngas can be
generated using these plasma sourcegmthermal atmosphericonditions, but the
conversiorandproductselectivtiesaretypically low.

2) After the investigation using nethermal plasma alonghe combination of the
catalysts and plasma for synggeneration showed much higher reaction conversion

andselectivites towardghe targeted producf88, 98-101].
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Until the above two stages of development, rdmearchinterestsweretypically focused on
the optimisation of the performanceof the plasmacatalytic chemical reactionHowever,
there have been comparatively few studtbatreveal thesynergisticnteraction mechanisms
between plasmaand catalystnduced higher process performance frma perspective of

boththe physicabnd chemicapropertiesof the plasma and catalyst.

3) In the lags decadean improvedunderstanding of the plaskcatalytic interaction has
been achieved from the perspective of berigineeringand scientific pointgluring
the plasmaassisted reforming of GOwith CH, [37, 99, 102]. The more detailed
recent advances in thanderstanding of synergistic effects in plastagalytic
processesan be seen as above in Section 2.ZI8 comparative reviewf CO,
dissociation technology for syngas productigported by Lebouvier et a[53]
addressed thatompared to the conventional thermal gasification and reforming
technobgies, the plasm#ased technologies are more compabeaperand have
lower carbon emittingassuming the plasma systenp@vered by renewable enejgy
but the reaction conversion and energy efficiency would have to be further increased.
Therefore moreefforts are required in this figl&specially to supply direct evidence
for the influence of catalysts or plasma during th&ynergistic interactian by

decoupling thevariables.

Until now, there are still twoimportant gaps in knowledgdor the plasmaassistedCO,
reforming with methane for syngas productiofh) reaction mechanism and 2) specific
catalyst design for the plasraasistedCO, reforming with CH,; or CH;OH, andboth are

discussed in detaith thefollowing sections
1) Reaction mechanism

Limited by the complexity of theeactionprocess, the curremésearch worknainly quoted
from thewell-establishedeaction mechanismm the thermal catalytic procefs03]. The first
proposedhermal catalyti reaction mechanisror CO, reforming with CH was reported by
Bodr ov andin¥p7€104p Bhayyroposed the followingodel(R2-1 to R25) to

describe theeaction process.
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CHs + Mz <= M 2CH, + H, (R2-1)
CO, + Mz =&= CO +M20 (R2-2)
H, + MzO <e= H,0+ Mz (R2-3)
Mz CH, + H,0=e= MzCO + 2H (R2-4)
MzCO=e= CO +Mz (R2-5)

N o t Mz denotes the active sites over the surface of catase;denotes the quasi
equilibrated reaction.

This proposed sequence -efemeatar pheeatmoni an
rate was limited by R2, because the requirétO is indirectlyproducedrom reactionR2-2
andR2-3.
Insight into the reaction mechanism has been developed mostly thiend®90s. Some
modificatiors were suggesteldy Solymosi[105] and Erddhely{106]. Different CH, species
on the active site of the catalyst surfaceingthe first step of Ciland CQ dissociationR2-
1 wereproposedas shown ifR2-6 andR2-7.
CHs+2Mz Y MzCHsz+ MzH (R2-6)

M2z CHa+ (3X) MZ = MZCHy + (3-x) M2H (R2-7)

For reactiorR2-2, theysupposed the absorbed H atoms enhancedd@Sociation, as shown
in EquationR2-8 andR2-9.

CO, + M2H = CO +M2zHO (R2-8)

2 MzHO = H,0+Mz0 +M? (R2-9)
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Their suggestiomboutthereaction R2-4) is that alsorbed O atom rather than gasase HO
reacts with the Ckspecies over the surfacé catalystgMz), as shown in EquatioR2-10
andR2-11.

CHyx + MzO + (x2) Mz = CO + xMzH (R2-10)

2 M2H = Ho+ 2 M2 (R2-11)

In addition tothe above mechanismhdre was also one simplistic mechanifon CO,
reforming of methangl07, 108] as shown in EquatioR2-12 7 R2-15.

CHy;+M2Y MzC +2H (R2-1 2
CO, + 2M2 = MzCO +Mz0 (R2-13)
MzC +Mz0 = MzCO+Mz (R2-14)
2MzCO s 2 CO + 2Mz (R2-15)

On the other sideanother reaction sequensasreported for C@reforming of methane over
the active sites of Ni and Pt catalysts surfgd®, 11(. The overall reaction stoichiometry

was shown sifollowing EquatiorR2-16.

CH,s+2CQOY B H0 +3CO (R2-16)

The following reaction sequence in detail was shown as EqURBdIY T R2-18.

COs+ M2z = M2CHy + (—) H2 (R2-17)
2[CH; + Mz <= Mz CHj) (R2-18)
H, + 2Mz === 2 MzH (R2-19)
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2 [M2CO, + MzH =e= MzCO +MzOH] (R2-2 D
MzOH +MzH <= M2zH,0 + 2M? (R2-21)
Mz CHy+ MzOH <e= MzCH,O +MzH (R2-2 P
Mz CHcO =e= M2CO + () H, (R2-2 B
3 [M2CO =e= M2CO +M?] (R2-2 ¥

Plasmachemical kinetic modelling suggested that manipulation of the residence time would
help toimprove theselectivityto syngas oalter theH,/CO ratio due tdhe residence time
showingdifferent effects on the abovedifferentreaction step[111]. However,it is still not

clear whether the reaction mechanism in plasma follows one ofatlee proposed
mechanismsOnetask ofthe following researchs to identify the specificeaction sequense

and steps that dominate plasassistedCO, reforming amongst above proposed processes.
Both experimental and simulation reseagsheed to be carried out this field.

2) Catalysts for CO, reforming with CH 4 in plasma

The studyof the catalystfor CO, reforming with CH, in plasma isat an initial stage.
Different materialshave beenstudiedfor the plasmacatalytic CO, reforming including
traditional catalysts(Ni, Cu, Pt, Ag, and L#s; over 2-Al,03) [37, 101, 102, 112-114], and
some packingnateriab without remarkable catalytic activity (zeolites, 8 and ceramic
foams)[38, 115]. However,it is noticed that most traditional catalysts studied in plasma
reactiors are adopted fromthe conventional thermal catalytictugly. Due to limited
systematic materiaksearchit is difficult to evaluate the relative catalytctivities of these
catalysts, especiallyhilst the introduction oftraditionalnon-catalytic materialsnto plasma
alsoinducedan enhanced reacti@monversion. Thereforeniorder to select the most optimal
catalyst,two researchroutes would be expected: 1) systematic investigatdnhe potential

catalyst candidasghatarealready studied in conventionddermalcataltic method for CQ
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reforming; 2)specific desigrof the catalyst for plasma reaction, based onutiderstanding

of theenhanceeffect between plasma and catalyst.

First of all, a brief viewof the potential catalyst candidatehigghly desirable so tere the
different catalyst typesised in thermal catalytic processare summased Based on tét,
some specific catalyst systemwould be selected to fit the charactBdsn plasmaassisted
CO;, reforming reaction.

The catalysts employed in thieermalcatalyticCO, reforming of methanbdave been mostly
nontnoble (i.e. Fe, CO and Ni) and noble (i.e. Pt, Pd, Rh, Ru) based cajaligtsThe
advantage for noble metals is the resistance to carbon fomaatb high activityput they

are expensive. Ru and Rlerereportedto havehigher activites for CO, reforming of CH
compared to Ni, Pd and Pt at the same patrticle size and dispdrsipa18]. Ni is proposed

as the most active nemble catalyst because of its excellent dehydrogenation performance.
However this also leads to the severe carbon deposition. Thue nodtals were introduced

to Ni based catalysts to promote the reaction activity of the catalyst and the performance of
anticarbon formation. Recently, some carbon catalysts, i.e.atttigarbon (AC) were also
reported[119]. It is reported119] that AC, AC treated with HN©O(AC-HNO3), and AC
impregnated with NaN©(AC-NaNG;) can activeCO, reforming of CH at 7007 1000 °C

with about 17.7 % Cldconversion and 29.7% G@onversionBut theconversions oCH,4

and CQ using AC based catalysts are still not comparable tcatttaevedusing Ni catalysts
(over 90 %).

We listed the catalysts reviewed by Uman et [@] in Table2.3. As s&n inTable 23, the

chemical compositions (i.active metal, suppoandpromote}, synthesis methodmnd the

Table 23. The catalysts used for G@forming of CH from Ref.[8].
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RC Conversion /%
Metal Support w P Reacto

T/°C t/h CH, CO,
Ni Al,O; 10 IMP 800 30 FBR 63 69
Ni Al,O; 11 SG 800 48 FIBR 94 93
Ni CeG 10 IWIMP 550 7 FBR 11.7 29.7
Ni ZrO, 5 IWIMP 750 10 FBR 65 -
Ni Sio, 5 IWIMP 750 10 FBR 55 -
NiO MgO 13.1 IMP 800 5 FBR 93 95
Ni Mg O1 $i O 5 IMP 700 - FBR 583 -
Ni Cezr 5 IMP 750 70 FBR 41 -
Ni Cey 75 215,20, 14 IMP 750 17 FBR 538 8.3
Ni Cey 75 215,20, 21 CP 850 9 FBR 92 95
Ni Cey, 2050, 15 CP 800 42 FBR 78 77
Ni MCM-41 0.22 DHT 600 4 FBR 28 39
Rh@Ni MCM-41 1 600 1 FBR 31 41
Mg@Rh@Ni MCM-41 1.011.0 600 1 FBR 38 40
Ni MCM-41 0.19 DHT 600 4 FBR 20 38
Ni 1T Rh MCM-41 0.1¢ DHT 600 14 FBR 29 39
Ni MCM-41 1.2 DHT 750 30 FBR 70 -
Ni SBA-15 12.5 IMP 800 720 FBR 43 70
Ni 1T Mo SBA-15 51 25 IWIMP 800 120 FBMR 84 96
Ni T Rh Cey5Zlp O, 141 0. 7 IMP 750 17 FBR 69 118
PtT1 Ni 0.0171 5 IMP 700 - FBR 80.7 -
Ni T GeO ZrO, 5 IWIMP 700 50 FBR 59 -
Ni-Ce Sio, 1015 IWIMP 800 30 FBR 814 875
Ni 1T MgO 15110 CP 200 42 FBR 95 96
Ni Sio, 4.5 IWIMP 750 11 FBMR 47 60
Pt ZrO, 1 IMP 700 4 FBR 79 86
Pt Al,Os 1 IMP 800 97 FBR 46 62
Pt ZrO, 2 IMP 800 97 FBR 83 94
Pt 1 GeZO, O MgO 0. 817 3. OWMP3. 0O 800 24 FBR 69 80
Rh CeG 0.5 IMP 800 50 FBR 50.7 63.2
Rh ZrO, 15 IMP 800 50 FBR 659 74.2
Ru Al,O, 3 IMP 750 20 FBR 46 48
Ru Ce( 2 IMP 750 20 FBR 52 60
Ru Al,O3 5 IMP 750 - FBR 91 90
Ru CeG 5 IMP 751 - FBR 90 96
Ruil Ce AlLO;, 5and 3 IMP 752 - FBR 97 97
Rh Sio, 0.5 IMP 800 50 FBR 719 772
Co MgO 12 IMP 900 0.5 FBR 91.9 939
Co 2 - .8 20 SG 700 20 FBR 32 39
Co 2 - .8 21 SG 701 20 FIBR 66 71
LaSrNiCuO - 4.9 SG 800 24 MR 75 60
LaSrNiCuO - 4.1 SG 800 24 MR 80 81
AC - - CM 700 - FBR 4 8.3
AC-HNO; - - CM 701 - FBR 4 8.3
AC-NaNGQ; - - IMP 702 - FBR 17.7 29.7
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