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Abstract

In plasma-enhanced CO2 methanation reaction, as nonthermal plasma (NTP) can

provide both heat and radical effect, auto-methanation under NTP treatment becomes

possible. This thesis aims to demonstrate the feasibility of the above process on Ru

based catalysts. To this end, plasma-enhanced catalytic performance in the packed-

bed dielectric barrier discharge (PB-DBD) reactor was confirmed at first. In situ

diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) study indicates

carbonate species formation which is enhanced clearly by DBD and its following

conversion to CH4 due to hydrogen spillover on Ru are the key reaction pathways.

Auto-methanation was achieved when discharge power was sufficient for reactor to

reach the initial reaction temperature. DBD plays important roles as ‘ignition’ and

‘acceleration’ once highly reactive species can well interact with catalyst surface.



Nomenclature

CCS CO2 capture and storage

CCU Carbon capture and utilization

DBD Dielectric barrier discharge

DRIFTS Diffuse reflectance infrared Fourier-transform spectroscopy

EDS Energy dispersive X-ray spectroscopy

HAADF-STEM High-angle annular dark field scanning transmission electron

microscopy

LTE Local thermodynamic equilibrium

non-LTE non-local thermodynamic equilibrium

NTP Nonthermal plasma

PB-DBD Packed-bed dielectric barrier discharge

PtC Power-to-Chemicals

PtM Power-to-Methane

QMS Quadruple mass spectrometer

SEI Specific energy input

WHSV Weight hourly space velocity

XRF X-ray fluorescence
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Chapter 1: Introduction

1.1 Overview

With the increase of population and the development of computer science as well

as artificial intelligence, the demand for energy is gradually increasing day by day 1 2.

Then energy production becomes important, which is highly related to the issue of

global warming. The ever-increasing emissions of CO2, considered as the major cause

of global warming, have increasingly aroused worldwide concern 3-5. Solutions

proposed to this problem are twofold: to reduce CO2 emissions by CO2 capture and

storage (CCS) as well as to convert exhausted CO2 into useful fuels and chemicals,

known as carbon capture and utilization (CCU) 6-8.

CCS is a technology that recycles CO2 emitted by factories and power plants,

followed by storing these CO2 gases deep underground 9. It is indispensable for

decarbonization and plays an important role in achieving carbon neutral society.

However, it is significant to overcome many technical and economic barriers that

exist in this technology before its large-scale deployment. One of them is that it

requires a large amount of investment due to its non-profit character 10. For example,

in some countries such as UK and Singapore, CCS is not a feasible option because

their geological storage capacity is limited so that it can only be used offshore. This

results in high cost in transportation and injection 10.

With increase of high energy demand, recently CCU has attracted much more

attention. Compared to CCS, one advantage CCU has is making profits becomes

possible as the products obtained from this technology can be sold to the market 10.

Besides, CO2 is a low-cost and non-toxic resource, more importantly, it will

accompany with us all the time compared to the traditional fossil fuels 11. Although it

is energy intensive to convert CO2 into various products due to its thermodynamic

stability, it can be possible that CCU will be widely used because it provides not only

the safe supply of chemicals and fuels, but also a competitive price with fossil fuels 11.

Methane, as one of the products that can be obtained by CCU, is one significant
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energy carrier to the industry and transportation. It can be used in well-established

natural gas infrastructure to heat homes, provide energy for the vehicles or even

stabilize the electric power grid 12 13. And this helps make one important part of

modern economies. The debate about the limitation of fossil fuels and climate change

has led to an increase in research expenditure related to methanation in the past few

years 14. Biological methanation is carried out in stirred tank reactors or trickle-bed

reactors at temperatures less than 70 C 12 15 16. In comparison, to reach acceptable

methane yield, catalytic methanation is mainly carried out in fixed-bed reactors at

temperatures above 250 C 17 18. There are 2 types of methanation processes that have

been studied. For one, CO methanation is used to produce natural gas substitutes with

coal or biomass gasification 19. For another, CO2 methanation is used for electricity

storage and prevention of climate change 14 20. In this study, CO2 methanation was

investigated as reducing CO2 emissions is one of our targets.

1.2 CO2 methanation

1.2.1 Introduction

CO2 methanation, also known as Sabatier reaction, is an exothermic reaction

which follows equation R1.1. It has been first mentioned by Brodie in 1872 and

further developed by the French chemists Paul Sabatier and Jean-Baptiste Senderens

in 1902 21-24. Nowadays, this reaction has attracted people’s attention once again

because of three aspects including environmental protection, the storage of electrical

energy from renewable sources and the space exploration missions.

CO2 + 4H2 = CH4 + 2H2O ∆Hf° = -165 kJ/mol (R1.1)

CO2 methanation is one Power-to-Methane (PtM) process which can be very

suitable for long-term and large-capacity energy storage because it has advantages in

discharge time and storage capacity compared to other energy storage technologies 25-
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27. The details of storage capacity and discharge time comparison are described in

Figure 1.1. The PtM can be divided into 3 steps: renewable electricity generation,

renewable H2 production by water electrolysis with utilization of renewable electricity

and renewable methane generation by captured CO2 reacting with renewable H2.

Figure 1.1 Charge/discharge period and storage capacity of different electricity

storage systems. (CAES: compressed air energy storage; PHS: pumped hydro storage;

SNG: substitute natural gas) 27.

Some PtM facilities have already exist or are currently under construction at the

pilot scale 28. One famous commercial plant, named the Werlte e-gas plant, is the

world's first industrially operated plant for catalytic methanation. It produces methane

from captured CO2 in biogas produced by amine scrubbing and H2 produced by three

wind energy alkaline electrolyzers. The key component, methanator, is composed of a

long series of tube reactors in which nickel based catalysts are loaded. These reactors

are cooled by molten salt and the exchanged heat is used for regeneration of amine

scrubbers. This makes the working efficiency of methanator close to about 72 % 12.

Recently, CO2 methanation is also considered one promising way for long-term

space exploration because liquid methane will be utilized instead of hydrogen and

kerosene for the sake of long-term usage. Besides, methane is also one good energy
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carrier. Compared to hydrogen, it does not lead to metal embrittlement and the bulky

highly insulated cryogenic tanks are not necessary 29. Compared to kerosene, methane

is lighter and does not result in coking. More importantly, methane can be obtained by

CO2 methanation in a CO2-rich environment such as Mars 29.

From thermodynamic perspective, CO2 methanation favors high pressure and the

temperature at which water-gas-shift reaction is little. Figure 1.2 shows

thermodynamic equilibrium for the reaction calculated by Gibbs free energy

minimization method 30. At atmospheric pressure, to achieve CO2 conversion higher

than 90 % and methane selectivity close to 100 % simultaneously, reaction

temperature should be kept lower than 300 C. As reaction pressure increases, to

achieve the same goal, the feasible temperature region enlarges. In real methane

production, H2/CO2 ratio should not be lower than 4 because lower ratios cause

significant carbon formation which needs to be avoided 31. In summary, a careful heat

management is required to overcome the activation barrier and maintain a favorable

gas composition at the same time. Other thermodynamic studies on CO2 methanation

can be found in literature 32-34.

Figure 1.2 Equilibrium of CO2 conversion, CO and CH4 selectivity as a function of

temperature at different pressures (H2/CO2 = 4) 30.

1.2.2 Mechanism
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Many studies have been carried out to illustrate CO2 methanation mechanism 35-37.

In summary, some researchers concluded reaction pathway in 3 types 38. The first is

carbide pathway, in which CO is formed through CO2 dissociation. The second is

formate pathway, in which formate is formed as intermediate species. The third is

carboxyl pathway, in which carbonhydroxyl is regarded as intermediate species.

However, based on literature 39-41, these three pathways can be explained by 2

categories including CO2 associative route and CO2 dissociative route 42. The detailed

description on these two schemes is shown in Figure 1.3.
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Figure 1.3 The associative and dissociative routes in CO2 methanation 42.

In CO2 associative route, CO2 adsorbs as important intermediate species of

carbonate and then reacts with adsorbed H2 to form several oxygenates such as

bicarbonate, formate and formyl. Among these three oxygenates, the formate species

is mostly seen in other people’s work. Following this pathway, methane can be

observed after formaldehyde and methoxy species are generated. One unique feature

of this scheme is that no CO can be found 43.

In CO2 dissociative route, CO2 dissociates into carbonyl and an oxygen atom at

first because C-O bond breaking barrier is reduced at active sites such as step and

kink sites 44-47. Then the reaction follows CO methanation mechanism which can be

classified into two categories including CO associative route and CO dissociative

route. In CO associative route, intermediate species such as formyl, organodiyl and

carbonhydroxyl are generated after CO and H2 adsorption. Then C-O bond breaks,

followed by hydrogenation on the remaining carbon to form the final product of

methane. In CO dissociative route, as CO and H2 adsorb, CO directly converts to the

surface carbon and then follows the hydrogenation process.

1.2.3 Challenges

It has been reported that nickel-based catalyst with alumina as support is efficient

and active in CO2 methanation, making its large-scale application possible. However,

deactivation of the catalyst is regarded as one big problem which can be caused by

poisoning 48, sintering 49, fouling 50 and mechanical straining 51. There are two ways

used to improve both catalytic activity and stability of Ni-based catalyst in CO2

methanation system. For one, changing the nature of alumina support by hydrotalcite-

like materials because these materials offer access to well-dispersed and

homogeneous metallic particles after hydrogen reduction 52-54. For another, adding

another metal to Ni makes higher catalytic activity and enhanced stability of the

catalyst possible. The second active metal commonly used can be noble metals such

as Ru 55 and Rh 56, or transition metals such as Co 57, Fe 57 58 and Cu 57. Although
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noble metal is even more active than Ni in CO2 methanation, its large-scale

application in real industry is unlikely to happen considering the high cost and limited

availability.

To sum up, the biggest challenge to realize CO2 methanation in industrial scale is

to find an appropriate catalyst that balances the catalytic activity, long-term stability,

cost and availability.

1.3 Plasma technology

1.3.1 Introduction

Plasma, also known as ‘fourth state of matter’ together with the other three states

of matter ‘solid, liquid and gas’, widely exists in the universe. It was first introduced

by Irving Langmuir in 1927 59. Plasma contains not only various types of charged

particles (electrons, positive and negative ions) but also a large amount of neutral

species (molecules, atoms, radicals and excited species). All species can collide and

react with each other, making plasma a highly reactive chemical. This attracts much

attention in its applications 60-62. Nowadays, plasma has been used in material science

(coating deposition, surface modification, nanomaterial fabrication), medical

treatment (sterilization, wound treatment, cancer treatment), microchip manufacturing

and also used as light sources, lasers and displays 63.

Plasma can be widely seen around people. Lightning, auroras or even the sun are

in fact plasma. The natural plasma near us includes earth’s ionosphere, plasma sphere

and the outer magnetosphere 63. Other than natural plasma, two types of man-made

plasma are also well known. One is fusion plasma such as tokomaks and stellarators,

another is gas discharges that will be discussed later is this chapter.

Plasma can also be classified into thermal plasma and nonthermal plasma based

on whether it is in thermal equilibrium or not. When the temperature of all species in

plasma is identical in a localized region, then plasma is in local thermodynamic

equilibrium (LTE) and this type of plasma is named thermal plasma. On the contrary,

when the temperature of the species in plasma is different (for example, electrons
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reach the temperature higher than 10000 C while at the same time ions and neutrons

only achieve gas temperature 64), then plasma is in non-local thermodynamic

equilibrium (non-LTE) and this kind of plasma is named nonthermal plasma. Because

most experiments are carried out at temperatures much lower than electron

temperature, and DBD-type nonthermal plasma was used in this study, the character

of nonthermal plasma is introduced in next session.

1.3.2 Nonthermal plasma

Nonthermal plasma is generated by applying high voltage between two parallel

electrodes. As the applied voltage achieves enough high to the so-called breakdown

voltage, some gas molecules between electrodes break up to positive ions and

electrons. Because the electron is much lighter than the other species in plasma, it can

be accelerated by the electric field towards the anode. Thus the electron with high

kinetic energy is likely to collide and interact with gas molecules, inducing ionization,

dissociation and excitation. The ionization process generates new ions and electrons;

the ions also gain energy from electric field and move towards cathode where they

result in secondary electron emission. The ionization process and secondary electron

emission lead to continuous generation of new electrons, making plasma self-

sustaining 63. The dissociation process generates radicals which are the key

components for gas conversion process. The excitation process generates excited

molecules which can decay to the ground state accompanied by light emission.

Through the above-depicted process, it is possible for gas temperature to maintain

close to room temperature while temperature for electrons is relatively high.

The advantages of nonthermal plasma for gas conversion can be summarized as

follows. At first, through electron collision, some unexcited gases such as CO2, can be

activated. The electron can easily keep high energy even after collision with other

species because it is light so that as it collides with heavier molecules, its energy loss

is relatively small. As the electron accumulates the kinetic energy obtained from

electric field, CO2 activation becomes possible. Secondly, the control of conversion



9

and production becomes more flexible as it is not necessary to heat the entire reactor.

The electric field can be managed by simply switching on and off at favorable time.

Besides, the power consumption can be easily adjusted and scaled.

There are several types of nonthermal plasma that are usually applied for CO2

conversion, including dielectric barrier discharge (DBD), gliding arc (GA) discharge,

microwave (MW) discharge, radio frequency (RF) discharge, glow discharge (GD),

corona discharge, spark discharge and nanosecond pulsed discharge. Among all

discharges, DBD was used in this study because of the advantage that it can be

operated at atmosphere pressure and easily applied in industry. The detailed

introduction to DBD is shown in the next session.

1.3.3 Dielectric barrier discharge (DBD)

DBD is one typical process of nonthermal plasma. It was first introduced by

Siemens in his experiment in 1857. The details of DBD history can be found in the

review paper by Kogelschatz et al 65. In the DBD reactor, the dielectric barrier is

placed between two planar or concentric electrodes, as indicated in Figure 1.4 63. It

can prevent sparks and arc generation 66. DBD is normally operated at pressure of 0.1-

10 atm while a frequency of a few Hz to MHz is applied. The discharge gap which

gas passes through can be in different size, ranging from 0.1 mm to several cm (0.1

mm: plasma display; 1 mm: ozone generator; several cm: CO2 lasers) 60 67.
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Figure 1.4 Dielectric barrier discharge configurations: basic planar (top) and

cylindrical (bottom) 63.

As the applied voltage achieves the breakdown voltage, at most time a non-

uniform plasma is generated along with a large quantity of micro-discharges. This

process is named ‘filamentary mode’ which is related to the gas flow inside the

discharge region. For CO2 gas, it can lead to this process. The micro-discharge

volume can account for 1-10 % of the total gas volume 68 69. During discharge the

energetic electrons increase their kinetic energies because they are concentrated inside

the filament. This can lead to the dissipation of energy in the dielectric which causes

an increase in gas temperature. This also results in the high energy cost and low

energy efficiency of DBD-type plasma, which can be seen in Figure 1.5 30.
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Figure 1.5 Energy cost with respect to CO2 conversion for different plasma sources

and reaction conditions 30: ■70, ●71, ▲72, ▼73, ◀74, ⋆75, 76, 77, 78, 79.

1.3.4 Plasma catalysis

Plasma catalysis aims to enhance catalytic reaction by applying plasma to the

thermal catalysis system. Theoretically, the combination of plasma and catalysis

makes the reaction easier and enhanced. Inert molecules can be activated by plasma

under mild conditions. Subsequently activated species selectively recombine on the

specific catalyst surface and form the expected products. This is particularly

significant for further promoting and optimizing the direct oxidation liquefaction

pathway of CO2 conversion in plasma chemistry. The explanation of interaction

between plasma and catalysts can be found in some review papers 80-83.

The possible interaction between plasma and catalyst is depicted in Figure 1.6 63.

As for the effect of catalyst on plasma, it contains: (1) electric field enhancement due

to its surface roughness and geometric structure; (2) micro-discharge formation in

pores due to the great electric field in pores; (3) change in discharge type due to the

existence of insulating surface; (4) pollutant concentration in plasma due to the

increasing residence time. These characters are normally regarded as physical effects.

As for the effect of plasma on catalyst, it includes: (1) change of physicochemical

properties such as higher adsorption probability on catalyst surface due to the

generation of more excited species through plasma; (2) hot spot formation due to the
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existence of micro-discharge; (3) activation by photon irradiation due to the excitation

process in collision between energetic electrons and gas molecules where light can be

emitted; (4) lowering activation barrier; (5) changing surface reaction pathways due to

the existence of more active species. These characters are regarded, on the other hand,

as effects embracing both physical and chemical natures.

Figure 1.6 The possible interaction between plasma and catalyst 63.

The advantages and disadvantages of plasma catalysis compared with other

technologies for gas conversion are shown in Figure 1.7 63. The disadvantages of

applying plasma technology include: (1) the requirement for product separation after

reaction; (2) the energy efficiency determined by the type of reactor; (3) the

management of product yield and selectivity under good combination with catalysis.

On the other hand, the advantages that plasma technology have contain: (1)

unnecessary use of rare earth metals; (2) renewable energy generation by consuming

renewable electricity and resources; (3) flexible turnkey process; (4) high CO2

conversion and product yield; (5) possible generation of oxygenated products; (6) low

investment and operating expense; (7) high overall flexibility.
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Figure 1.7 The advantage and disadvantage comparison between traditional thermal

catalysis and different technologies 63. Different colors indicate different degrees of

influence on a certain feature: negative (red), neutral (orange) and positive (green).

1.4 The scope of the thesis

In plasma-enhanced CO2 methanation reaction, as nonthermal plasma can provide

both heat and radical effect, auto-methanation under nonthermal plasma treatment

becomes possible. This thesis aims to demonstrate the feasibility of the above process

on different types of catalysts. To this end, plasma-enhanced catalytic performance in

the packed-bed dielectric barrier discharge reactor was confirmed at first (Chapter 2).

In situ diffuse reflectance infrared Fourier-transform spectroscopy experiment was

conducted to understand reaction mechanism (Chapter 2). Auto-methanation was

designed when discharge power was sufficient for reactor to reach the initial reaction

temperature (Chapter 3). DBD plays important roles as ‘ignition’ and ‘promotion’ once

highly reactive species can well interact with catalyst surface.

Chapter 1 provides the introduction to CO2 methanation and nonthermal plasma.
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The significance of applying nonthermal plasma to CO2 methanation has been

discussed.

Chapter 2 confirms nonthermal plasma-promoted catalytic activity on Ru based

multi-metallic catalyst in CO2 methanation. La-Ni/Al2O3 was used as the base catalyst

for its good ability to adsorb carbonate species which prove to be the most significant

step in CO2 methanation. Ru was added as the promoter which enhances hydrogen

spillover. Because it is known that La provides active sites for CO2 adsorption. Then

Ni-modified Ru/Al2O3 was studied to know the effect of Ru and Ni as comparison.

The result proves that little plasma promotion effect is found on Ni(Ru)/Al2O3 while

DBD-enhanced CO2 conversion is more clearly seen on Ru(La-Ni)/Al2O3. Besides,

increasing the frequency at constant power further improves the catalytic activity only

when La is added to the catalyst, indicating La plays an important role in DBD-

enhanced methanation reaction. To understand the reaction pathway on this multi-

metallic catalyst, in situ diffuse reflectance infrared Fourier-transform spectroscopy

was employed. It illustrates the formation of carbonate species and its conversion to

CH4 due to hydrogen spillover on Ru is the key.

Based on the result shown in Chapter 2, DBD-enhanced methanation reaction can

be seen on Ru(La-Ni)/Al2O3. As DBD provides both heat and radical effect,

methanation can happen automatically without any external heating except DBD

heating when the catalyst temperature achieves the reaction temperature, namely auto-

methanation. Chapter 3 realized auto-methanation process on 4 types of catalysts. To

make it come true in real production, scaling up the reactor is always one significant

aim in this study. Then 2 indicators including “to see if reaction can be self-sustained

after DBD is turned off” and “to see time-dependent change in catalyst temperature

distribution” help select the suitable catalyst and analyze the factors that influence

successful realization of auto-methanation in large scale reactors. It is found that self-

sustained reaction only occurs on both monometallic Ruthenium catalysts due to their

good catalytic activities around 200  C. This implies the type of catalyst and

prevention from heat loss are 2 determining factors when scaling up the reactor. The
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catalyst that has good catalytic activity at such low temperature as 200 ℃ is preferred.

Chapter 4 provides conclusion and outlook for the future work.
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Chapter 2: CO2 methanation with DBD treatment over

multi-metallic Ru based catalyst

This chapter is adapted from the published work:

Zhan, C.; Kim, D.; Xu, S.; Kim, H.; Nozaki, T., Nonthermal plasma catalysis of CO2

methanation over multi-metallic Ru based catalysts. International Journal of Plasma

Environmental Science and Technology, 2022, 16, e03006

2.1 Abstract

This chapter illustrates nonthermal plasma effect on CO2 methanation over Ru

based multi-metallic catalysts. CO2 conversion behavior in a packed-bed dielectric

barrier discharge (PB-DBD) reactor at 100 kPa and 30 kPa with catalyst temperature

between 100 C and 400 C were investigated and compared with thermal catalysis.

The low-temperature CO2 methanation was improved by Ru-based multi-metallic

catalyst and applying DBD to the reaction. Overall methanation performance was

improved by La because adsorption of vibrationally excited CO2 over La sites is

enhanced. Besides, increasing the frequency from 12 kHz to 100 kHz at constant

power can improve reaction performance because high-frequency operation enhances

generation of vibrationally excited CO2, further accelerating carbonate formation on

catalysts. To better understand reaction mechanism in DBD environment, in situ

diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS) was employed

under the presence of DBD. Formation of carbonate species and its conversion to CH4

due to hydrogen spillover on Ru is the key reaction pathway in DBD-enhanced

methanation reaction.
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2.2 Introduction

CO2 methanation is considered as one promising way to produce synthetic

renewable methane at high yield by using renewable hydrogen 1. However, this

reaction is affected by slow conversion speed at low temperatures because the high

thermodynamic stability of CO2 leads to a high activation barrier for its dissociation 2.

To accelerate the low-temperature CO2 conversion, three approaches of photocatalysis
3, 4, electrocatalysis 4-6 and nonthermal plasma catalysis 4, 7-9 powered by renewable

sources, referred to as Power-to-Chemicals (PtC), can be adopted. Among these three

methods, nonthermal plasma catalysis is an emerging-type new approach which

would realize better product yield at low cost 10. Although CO2 methanation favors

high pressure environment, studying it at reduced pressure avoids various problems.

First, the parasite discharge is avoided where gas breakdown occurs at the outside of

the reactor (near the sharp edge of grounded electrode). Second, thermal runaway is

minimized where the catalyst temperature increases rapidly. Third, gas breakdown

occurs rather uniformly which avoids intense and localized gas breakdown. These

issues are discussed in detail in section 2.5.

Ni-based catalyst is widely adopted in CO2 methanation due to its good

compromise between catalytic activity, cost, processability, and environmental

compatibility 11. However, some problems remain, such as a high reaction

temperature is normally the prerequisite for maximum CO2 conversion; and the

deactivation can occur due to the interaction between Ni-particles and reactive CO as

well as the formation of mobile nickel subcarbonyls 12, 13. This results in undesired

influences on the lifetime of the catalysts and increased energy consumption. To solve

this problem, some noble metals of Ru, Rh, Pd and Pt, are added to improve the

catalytic activity and stability as these metals exhibit good resistant properties to

carbon deposition, which can protect the active phase of catalysts from being sintered
14. Therefore, recent studies mostly focus on catalytic performance of bimetallic and

multi-metallic catalysts 11, 15-17. Although, Ru is the key component of CO2

methanation, yielding methane at high selectivity, reaction enhancement by DBD with
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Ni-Ru catalyst was not significant in our study. Because Ru does not promote CO2

fixation on the surface as intermediate species such as carbonates. Meantime, the

effectiveness of La was proven in our previous study that it enhances carbonate

formation under DBD condition. Therefore, in this chapter, the reactivity of "Ni-Ru"

and "La-Ni-Ru" catalysts under DBD environment is studied so that the individual

contribution of Ru and La is clarified. Moreover, to evaluate DBD-enhanced reaction

promotion effect appropriately, the pulsed reforming is introduced at reduced pressure

in which gas flow and DBD are applied intermittently so that unexpected temperature

raise due to heat generation by DBD as well as methanation is avoided. To understand

the plasma-induced reaction enhancement mechanism, in situ diffuse reflectance

infrared Fourier-transform spectroscopy (DRIFTS) study is employed.

2.3 Catalyst preparation and characterization

Ru-modified La-Ni/Al2O3 catalyst, herein expressed as “Ru(La-Ni)/Al2O3”, was

employed in this chapter. La-Ni/Al2O3 (Rasching ring: 3×3 mm (diameter×height)

with 1 mm hole) was used as base catalyst and Ru was added as a reaction promoter.

La plays the key role to increase carbonate species on La-Ni-Al complex oxide via

vibrationally activated CO2 18. Ru was loaded by an impregnation method using

Ru(III) nitrosyl nitrate standard solution (1.5% Ru). The La-Ni/Al2O3 Rasching ring

was added to a flask containing the Ru precursor solution and held at room

temperature for 12 h before drying in a rotary evaporator. The catalysts were calcined

in air at 500C for 10 h and finally reduced in 5% H2 (Ar balance) at 600C for 1h.

The Ni, La and Ru loading are 11 wt%, 3 wt% and 1 wt%, respectively. Another

catalyst of Ni-modified Ru/Al2O3, herein expressed as “Ni(Ru)/Al2O3”, was employed

as a control catalyst. Ru/Al2O3 (Regular cylindrical pellet: 3×3 mm (diameter×height))

was used as base catalyst and Ni was loaded by an impregnation method using

Ni(NO3)2·6H2O as precursor. The conditions of calcination and reduction are the same

as Ru(La-Ni)/Al2O3. The elemental composition of the prepared catalysts was
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analyzed with energy-dispersive X-ray fluorescence (XRF, Rigaku EDXL300). Ni and

Ru loading are 10 wt% and 1 wt%, respectively.

High-angle Annular Dark Field Scanning Transmission Electron Microscopy

(HAADF-STEM) and energy dispersive X-ray spectroscopy (EDS) were carried out

to obtain the element distributions on catalyst. Catalyst pellets were crushed by

mechanical milling and reduced prior to the analysis. Figure 2.1 shows the element

mapping of Ru(La-Ni)/Al2O3, where Ru, La, and Ni are identified in Figure 2.1(b)-(d).

Because Ni and La produce a complex La-Ni-Al oxide support, the distribution of

these elements is rather uniform. Meantime, Ni produces fine particles simultaneously,

which are recognizable in Figure 2.1(a) and (d). The boundary of Ni nanoparticles is

not clearly visible because La-Ni-Al oxide is overlapped; therefore, XRD analysis

was applied, showing the mean size of Ni particles was ca. 11 nm, while La was

mostly in the oxide form (no La fine particles were recognized) 18. Ru fine particles

are identified in Figure 2.1(b): Ni, La, and Ru are found well overlapped. Because the

proximity of metallic components determines the cooperative effect in multi-metallic

catalysts 19, synergistic interaction between active species on these three metals can

occur to enhance the reaction.

Figure 2.1 (a) HAADF-STEM image of Ru(La-Ni)/Al2O3 and (b-d) element mapping
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by EDS.

2.4 Experimental system and conditions

Figure 2.2 shows the schematic diagram of experimental setup while

experimental parameters are listed in Table 2.1. Definition of Weight Hourly Space

Velocity (WHSV; cm3/g/h) and Specific Energy Input (SEI; eV/molecule) are

provided as follows:

WHSV =
60×Qtotal

in

�
(R2.1)

SEI =
power

eNA×
Qtotal
in

60×106 ×
P
RT

(R2.2)

Qtotal
in (cm3/min) represents total gas flow rate at standard condition (T = 25 C and P =

101 kPa); W (g) is the catalyst weight; e = 1.60210-19 (C); NA = 6.021023; R = 8.314

J/K/mol.

The catalyst pallets are fully packed in the discharge region (40 mm in length) of

a packed-bed dielectric barrier discharge (PB-DBD) reactor which is a quartz tube

with inner diameter of 20 mm. The high-voltage electrode (3 mm diameter) is laid at

the tube center and the ground electrode is placed outside the tube. DBD was

generated in the packed-bed region by applying a high voltage power source (12 kHz

and 100 kHz). Discharge power, kept at 30 W in this chapter, was determined by

voltage-charge Lissajous analysis. Prior to each catalytic experiment, 13.4 g of

catalysts were reduced at 500 C by a constant 10 vol% of H2/Ar stream for 1.5 h.

Then the catalytic experiments were conducted at fixed pressure of 100 kPa or 30 kPa

with temperature from 100 C to 400 C. Reaction temperature was measured by the

infrared camera (TH5104; NEC Sanei Instrument Ltd.) and controlled by an electrical

furnace equipped with a temperature controller at a constant heating rate of 2 C/min.



27

H2 and CO2 in total flow rate of 1200 cm3/min were mixed at a H2:CO2 molar ratio of

5:1. A quadruple mass spectrometer (QMS: PrismaPlus; Pfeiffer Vacuum GmbH) was

used for online gas measurement. Conversion and selectivity of each species in CO2

methanation were calculated by the following equations (R2.3-R2.6), where Fin and

Fout represent molar flow rate (mol/s) of each gas at the inlet and outlet of the reactor,

respectively. Reaction product was CH4 with 100% selectivity which was confirmed

by the carbon balance. No other by-products, such as coke, tar, liquid hydrocarbons,

or higher hydrocarbons (CnHm: n > 2, m > 2) were detected.

CO2 conversion % =
FCO2
in -FCO2

out

FCO2
in ×100 (R2.3)

H2 conversion % =
FH2
in -FH2

out

FH2
in ×100 (R2.4)

CH4 selectivity % =
FCH4
out

FCO2
in -FCO2

out ×100 (R2.5)

CO selectivity % =
FCOout

FCO2
in -FCO2

out ×100 (R2.6)

Figure 2.2 Experimental system with horizontal PB-DBD reactor
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Table 2.1 Experimental conditions. Catalyst temperature: 100-400 C; Pressure: 100

kPa and 30 kPa.

Total flow

(cm3/min)

Catalyst

weight (g)

WHSV

(cm3/g/h)

Power

(W)

Frequency

(kHz)

SEI

(eV/molecule)

Plasma

catalysis 1200

(H2/CO2 = 5)
13.4 5373

30 12, 100 0.38

Thermal

catalysis
Not applicable

2.5 Enhanced CO2 conversion by nonthermal plasma

Although the catalyst temperature is increased at constant heating rate (2 C/min),

exothermic CO2 methanation leads to the thermal runaway that causes uncontrolled

abrupt temperature increase. Thermal runaway becomes even more intense with DBD

because of two reasons. First, DBD promotes CO2 methanation reaction compared to

thermal reaction. Second, heat generated by DBD contributes to temperature increase. To

prevent the rapid temperature increase in plasma catalysis, pulsed methanation was used.

The catalytic performance in this chapter is evaluated by the value of T50, which

corresponds to the temperature at which 50% of CO2 conversion is attained. A lower

T50 value is expected when DBD is applied.

2.5.1 Pulsed methanation

Pulsed methanation is the combination of cyclic DBD operation and periodic gas

supply 20. This prevents thermal runaway where catalyst temperature increases abruptly

in an uncontrollable manner. During DBD is off, methanation is weakened; thus rapid

temperature increase is suppressed. Likewise, during H2 flow is off, methanation

reaction ceases so that rapid temperature increase is suppressed. As a result, CO2 and H2

conversions as well as CH4 yield were obtained at each temperature points. Figure 2.3



29

indicates the example of time-dependent change in gas composition for pulsed plasma

catalysis over Ru(La-Ni)/Al2O3 at a certain period. As schematically shown in Figure

2.3(a), H2 was supplied for 4 min at H2/CO2 = 5, then H2 flow was turned off for 2

min. Meantime, DBD was ON and OFF at a constant interval of 1 min (Figure 2.3(b)).

Catalyst temperature (T) either increase or decrease temporarily depending on the

combination of H2 flow and DBD operation. Detailed description of operation

conditions and catalyst temperature behavior is provided in Table 2.2. Reforming data

at the third minute of each H2-ON process (at d point) was selected for gas analysis as

the signal in QMS gets stable. As clearly seen in Figure 2.3(c), catalyst temperature

fluctuation during DBD-ON period is greater than furnace heating rate (2 C/min);

therefore, the pulsed methanation technique is necessary to avoid thermal runaway

and extract the DBD promotion effect properly. During H2-OFF period, only CO2 was

supplied at 500 cm3/min to cease the methanation temporarily and cool down the

catalyst temperature.
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Figure 2.3 Pulsed methanation at a certain period. (a) pulsed gas-supply; (b) pulsed

DBD; (c) Time-dependent change in gas composition and catalyst temperature.

Table 2.2 Detailed description of catalyst temperature variation during pulsed

methanation.

Time DBD
H2

(cm3/min)

CO2

(cm3/min)
Temperature profile

M
et
ha
na
tio
n

a-b ON

1,000 200

dT/dt > 0

Catalyst temperature (T) increases rapidly due

to DBD heating and DBD-promoted

methanation.

b-c OFF

dT/dt < 0

Reaction promotion by DBD is absent. DBD

heating is also absent. Although heat generation

by methanation (thermal catalysis) is possible, it

is not sufficient to maintain reaction

temperature which decreases without DBD.

c-d ON

dT/dt > 0

Same as "a-b" period. Data acquisition by QMS

at Point d: CO2 conversion = 44.4 %, reaction

heat = 10 W (Figure 2.3(c)).

d-e OFF
dT/dt < 0

Same as "b-c" period.

w
/o
re
ac
tio
n

e-f ON

0 500

dT/dt > 0

T increases slightly by DBD heating. The

heating effect is moderate compared to the "a-b"

and "c-d" periods because methanation is absent

(H2 = 0 cm3/min).

f-g OFF

dT/dt < 0

T decreases due to the absence of neither

methanation nor DBD. Comparing the "e-f" and

"f-g" periods, the DBD heating effect (30 W) is

remarkable (Figure 2.4(c)).

2.5.2 Effect of pressure
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First, CO2 methanation performance at 100 kPa was studied. Figure 2.4(a) shows

CO2 conversion over two types of catalysts and compares the results with

thermodynamic equilibrium. With DBD treatment, T50 is lowered slightly from 275

C (blue line) in thermal reaction to 257 C (red line) over Ru(La-Ni)/Al2O3 and is

decreased from 292 C (yellow) to 278 C (black) over Ni(Ru)/Al2O3. The catalytic

performance of Ru(La-Ni)/Al2O3 is better and the low-temperature CO2 methanation

is improved by DBD. Our previous study showed that La enhances CO2 adsorption as

carbonates and the vibrationally excited CO2 would promote such reaction 18, 20, 21.

When catalyst temperature reaches 350 C, due to equilibrium limitation, there is no

clear difference between thermal and plasma catalysis over respective catalysts.

Meantime, conversion on Ru(La-Ni)/Al2O3 reaches much closer to equilibrium than

that of Ni(Ru)/Al2O3, suggesting that La gives rise to a better catalytic activity. Figure

2.4(b) shows H2 conversion with temperature: H2 conversion behavior is quite similar

to that of CO2. Therefore, Only CO2 conversions are discussed in the following

sections.

Figure 2.4(c) shows the heat generation by methanation calculated by R2.7,

assuming CH4 selectivity is 100% based on the experimental results.

Reaction heat = FCO2
in -FCO2

out ×∆Hf°×10-3 (W) (R2.7)

Discharge power (30 W) was larger than the exothermic reaction heat over the

catalyst temperature. Obviously, the catalyst temperature is higher than the

temperature of the electric furnace. Thermal insulation of the packed-bed DBD

reactor and heat transfer control need to be optimized so that the plasma-induced

reaction promotion is optimized.
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Figure 2.4 Catalytic activity on Ru(La-Ni)/Al2O3 and Ni(Ru)/Al2O3 at 100kPa with

and without DBD: (a) CO2 conversion and (b) H2 conversion, (c) heat generated by

methanation, respectively.

According to the thermal equilibrium, the higher the reaction pressure is, the

higher the CO2 conversion. However, three issues remain in plasma catalysis. First,

discharge at pressure higher than atmospheric pressure generates localized and intense

gas breakdown that damages the catalysts. Second, gas breakdown more likely occurs

outside of the reactor, known as parasite discharge. This will weaken discharge inside

reactor. Third, much reaction heat is released under higher pressure which causes

serious thermal runaway even with application of pulsed methanation. The third

problem is the most critical and can be seen in Figure 2.4, for Ru(La-Ni)/Al2O3 at 100

kPa (in red and blue), less experimental data was obtained from 220 C to 300 C

because catalyst temperature increased rapidly in a shorter period of time due to the

intensive methanation reaction at 100 kPa. To avoid these problems, experiments were
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carried out at a lower pressure of 30 kPa.

Figure 2.5 compares the catalytic performance of Ru(La-Ni)/Al2O3 and

Ni(Ru)/Al2O3 at 30 kPa. Equilibrium CO2 conversion at 30 kPa and 100 kPa is also

shown in Figure 2.5. Similar to Figure 2.4, the onset temperature is ca. 200 C and not

influenced by the type of catalyst and the application of DBD. CO2 conversion

reaches the maximum limit of 75% in all four cases. Experimental CO2 conversion at

30 kPa is obviously lower than that of 100 kPa, while equilibrium conversion is not

influenced markedly by 30 kPa and 100 kPa. This is caused by the reduction of the

net reaction time which is shortened as pressure decreases. When the total gas flow

rate decreases so that the net reaction time is equivalent to 100 kPa operation, CO2

conversion at 30 kPa was close value to that of 100 kPa (data is not shown). One

noticeable superiority of Ru(La-Ni)/Al2O3 is that CO2 conversion develops at lower

temperature than Ni(Ru)/Al2O3, and reaches the maximum limit at around 300 C.

Reaction promotion by DBD is observed clearly when CO2 conversion is much lower

than the equilibrium. To further investigate the DBD-induced synergistic effect,

frequency of 100 kHz was studied at fixed pressure of 30 kPa.

Figure 2.5 Comparison of catalytic performance on Ni(Ru)/Al2O3 and Ru(La-

Ni)/Al2O3 at 30 kPa.

2.5.3 Effect of frequency
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In our previous study, 100 kHz operation was more effective than 12 kHz because

higher frequency increases the mean discharge current without increasing the

discharge power 21. As a result, generation of vibrationally excited CO2 increases

without gas heating. More importantly, DBD is generated per half cycle of frequency

which would be faster than the quenching rate of vibrational species: vibrationally

excited species would be accumulated in high frequency operation and interact with

catalyst even during discharge-off period. The comparison results are shown in Figure

2.6. For Ni(Ru)/Al2O3, the promotion of CO2 conversion by increasing frequency is

negligible. However, for Ru(La-Ni)/Al2O3, the synergistic effect is clearly observed.

Compared to T50 value of 272 C in the case of 12 kHz, a clear reduction to 250 C is

obtained when 100 kHz is applied. For Ru(La-Ni)/Al2O3, more carbonates are

generated on La-Ni-Al complex oxide 18, 23, 24. La provides additional active sites for

CO2 adsorption. However, due to the small content of Ru, CO2 adsorption on Ru in

Ni(Ru)/Al2O3 will not be influenced by the frequency. As Ru(La-Ni)/Al2O3 showed

better catalytic performance than Ni(Ru)/Al2O3, the reaction mechanism was explored

by in situ infrared absorption spectroscopy using Ru(La-Ni)/Al2O3.

Figure 2.6 Comparison of catalytic performances at different frequency at 30 kPa over

(a) Ni(Ru)/Al2O3 and (b) Ru(La-Ni)/Al2O3.

2.6 In situ DRIFTS study

In situ DRIFTS (diffuse reflectance infrared Fourier transform spectroscopy)



35

analysis was conducted to understand the plasma-induced reaction enhancement

mechanism 25. The detailed experimental setup was reported in our previous work 18.

Briefly, FTIR (Perkin Elmer, Frontier) equipped with a mercury cadmium telluride

(MCT) detector was used for the DRIFTS analysis. The catalyst powder was

pretreated in the DRIFTS cell at 500 C for 30 min under H2/He = 50/50 cm3/min

flow. The catalyst temperature was set to 300 C under the pure helium flow, then

DRIFTS spectra were recorded by various gas-flow conditions with and without DBD

irradiation.

Figure 2.7 illustrates the DRIFTS spectra of CO2 adsorption and methanation

reaction over Ru(La-Ni)/Al2O3. The structure of carbonate and the other intermediate

species coordinated with La is summarized in Table 2.3. Generally, IR absorption by

functional groups is characterized by multiple peaks, not a single peak. For example,

monodentate carbonate is characterized by different vibrations as 1360 and 1425 cm-1.

Although these peaks are not clearly distinguished in Figure 2.7(a1), these two peaks

must be assumed during deconvolution of overlapped spectra. If a single peak is

assumed, such as 1360 cm-1 only, it could be an inconsistent analysis, ignoring other

peaks (e.g. 1425 cm-1) which should co-exist.

Figure 2.7(a1) was obtained after 20 min exposure to the pure CO2 flow (40

cm3/min). Subsequently, DBD was turned on for 20 min then spectrum was recorded

as a plasma catalytic reaction (Figure 2.7(a2)). The bands at 1360 and 1425 cm-1 are

monodentate carbonate (m-CO3
2- ); the band at 1540 cm-1 is assigned to bidentate

carbonate (b- CO3
2- ) 26-28. When DBD is applied, the peak intensity of m- and b-

carbonate are clearly increased: the total area of these carbonates in plasma catalysis

increased an approximately 1.75-fold compared to the thermal catalysis. After CO2-

DBD treatment, CO2/H2 (= 40/60 cm3/min) mixture was introduced to the DRIFTS

cell and the spectrum was recorded in 20 min without DBD (Figure 2.7(b1)).

Subsequently, DBD was applied and the spectrum was obtained in 20 min (Figure

2.7(b2)). When H2 and CO2 were introduced simultaneously, bidentate carbonate

(1540 cm-1) disappears; instead, polydentate carbonate (p-CO3
2-: 1395 and 1510 cm-1)
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and formyl (HCO: 1740 cm-1) appear 29-32. The observation suggest hydrogen reacts

primarily with bidentate carbonate to generate polydentate carbonate and formyl.

When DBD is applied, this reaction was promoted and the peak intensity of all peaks

were increased (Figure 2.7(b)). In comparison, the area of formyl increases by 1.5-

fold with DBD treatment.

Figure 2.7 In situ DRIFTS spectra at 300 C of CO2 adsorption: (a1) thermal and (a2)

plasma. CO2 methanation: (b1) thermal and (b2) plasma. Monodentate carbonate

(1360 and 1425 cm-1); Bidentate carbonate (1540 cm-1); Polydentate carbonate (1395

and 1510 cm-1); Formyl (1740 cm-1).
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Table 2.3 The structure of intermediate species found in In situ DRIFTS study (*M

represents the coordination metal, lanthanum in this chapter)

Species
Monodentate

carbonate

Bidentate

carbonate

Polydentate

carbonate
Formyl

Schematic

structure*

According to Figure 2.7, CO2 forms various carbonate species. Subsequently,

carbonates are hydrogenated by the surface hydrogen which is produced by either Ni

and Ru: however, the role of Ru is more prominent than Ni, yielding 100% selectivity

of CH4 1. Moreover, formyl was identified with Ru(La-Ni)/Al2O3 which is fully absent

without Ru 18. Although detailed reaction kinetics is not fully identified by this

DRIFTS analysis, the experimental observation agrees well with the reported

methanation mechanisms 33. The most important initial step of methanation is the

formation of carbonates on metal-oxide support. Carbonates are further transformed

into various intermediate species such as bicarbonate (HCO3) and formate (HCOO).

This reaction pathway is categorized as the "CO2 associative route" where CO2 is

associatively adsorbed as carbonate and react with surface hydrogen to form

carbonate/formate over the support materials. The support materials work as

adsorption site for intermediate species until CH4 is formed. Meantime, hydrogen

molecules are dissociatively adsorbed on the metal surface that hydrogenates

carbonate or formate consecutively towards CH4. It should be emphasized that La, Ni,

and Ru are well dispersed and overlapped in atomic scale as shown in HAADF-

STEM imaging (Figure 2.1), indicating the interaction among surface species

produced on both metal and support surfaces is efficient. Hydrogen spillover is strong

on Ru which is essential for CH4 formation, leading to 100% CH4 selectivity. There is
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a contribution of Ni for the surface hydrogen, however, the role on Ni is not as strong

as Ru: CH4 selectivity was limited to 60% at most with La-Ni/Al2O3 1.

Regarding reaction enhancement by DBD, vibrationally excited CO2 34 would

enhance CO2 adsorption and carbonate formation which was proven in our previous

study 18. La provides active sites for anionic oxygen (O2-) to react with adsorbed CO2

18. In addition, La can further help adsorb CO2 species, as well as increase the

reducibility and basicity of Ni phase 35, which accelerates CO2 conversion and

explains the better performance on this catalyst. This reaction pathway is accelerated

clearly by DBD. Another important reaction pathway is "CO2 dissociative route" in

which CO2 is dissociatively adsorbed on metallic catalyst surface, creating adsorbed

CO; CO is further hydrogenated into formyl 36, then CH4 2, 37, 38. Although adsorbed

CO was not identified in our study (around 2000-2100 cm-1), formyl was formed only

when Ru was add to the catalyst. With more surface hydrogen supply, CHx is

generated while oxygen is dissociated as either OH or O in the proximity to it 39-44;

adsorbed OH and O are key to promoting carbonate formation via CO2 associative

route. In Figure 2.7, neither formate nor CO was identified as intermediate species.

Therefore, a detailed reaction pathway is hard to track from the DRIFTS observation.

Meantime, carbonate formation was enhanced clearly by DBD which is a good

correlation with enhanced CH4 yield: therefore, CO2 methanation occurs most likely

via the associative route. In contrast, there is no remarkable change in the spectrum

between Figure 2.7(b1) and (b2). Presumably, activation of H2 by DBD has a small

impact on the hydrogenation of carbonate species. In other words, hydrogen spillover

would be sufficiently fast without DBD. Although peak intensity of p-carbonates and

formyl increased by DBD to some extent, the role of those species in the formation of

CH4 under the presence of DBD is not clear yet.

2.7 Conclusion

DBD-assisted pulsed methanation was developed to suppress the rapid catalyst

temperature increase due to the exothermic nature of the CO2 methanation reaction.
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As a result, the catalyst heating effect was minimized and the role of DBD was

highlighted. Catalytic activity over two Ru based multi-metallic catalysts were studied.

In comparison with Ni(Ru)/Al2O3, Ru(La-Ni)/Al2O3 exhibits a superior catalytic

activity under the presence of DBD in terms of CO2 and H2 conversions at both 100

kPa and 30 kPa. The HAADF-STEM analysis of Ru(La-Ni)/Al2O3 supports that Ru,

La, and Ni elements are well dispersed and overlapped in nanometer-scale which

benefits interaction between surface species produced on each element. In situ

DRIFTS study supports the possible reaction pathway of CO2 methanation. La

provides CO2 adsorption sites and helps carbonate formation that is the key initiation

step of methanation reaction. When DBD is applied, higher catalytic activities at low

temperatures was confirmed because vibrationally excited CO2 contributes formation

of carbonate. Moreover, Ru promotes hydrogen spillover that hydrogenates CO2-

derived surface species. The combination of La and Ru is essential to promote the

hybrid reaction with DBD.
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Chapter 3: Auto-methanation with DBD treatment

3.1 Abstract

As CO2 methanation is an exothermic reaction and nonthermal plasma (NTP) can

provide both heat and synergy effect, CO2 methanation under NTP treatment becomes

possible. This chapter realized the above process on 4 types of catalysts including Ru-

modified La-Ni/Al2O3, La-modified Ni/Al2O3, Ru/TiO2 and Ru/Al2O3. As scaling up

the reactor is another target in this chapter, 2 different diameter reactors were used (i.d.

20 mm & i.d. 30 mm). CO2 conversion behaviors in a vertical packed-bed dielectric

barrier discharge reactor at 80 kPa were investigated. Besides, whether self-sustained

reaction is feasible or not after DBD-OFF was also observed. The low-temperature

CO2 methanation can be improved on Ru(La-Ni)/Al2O3 and La-Ni/Al2O3 by applying

DBD to the reaction while DBD has no promotion effect on Ru/TiO2 and Ru/Al2O3.

With only DBD treatment, auto-methanation on all 4 catalysts becomes possible as

DBD heating can help increase catalyst temperature to reaction temperature. However,

self-sustained reaction only occurs on both monometallic Ruthenium catalysts due to

their good catalytic activities around 200 C.
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3.2 Introduction

To accelerate low-temperature CO2 conversion, nonthermal plasma (NTP)

produced by dielectric barrier discharge (DBD) can be adopted because a part of CO2

activation barrier can be removed under the impact between electron and excited CO2

molecule activated by the plasma. It plays the similar role as it in the combustion

process. When DBD is applied, it could efficiently produce methane even without

external heating. This is one process intensification technique to improve the

methanation process which usually requires heating at approximately 250-300 C 1-3,

which imparts a significant advantage to the process operation from an economic

viewpoint. This also implies realization of auto-methanation becomes possible.

Therefore, experiments are conducted to confirm the radical effect. Table 3.1

illustrates the experimental conditions in this chapter.

Table 3.1 Experimental conditions. Catalyst temperature: 100-400 C; Pressure: 30/40

kPa & 80 kPa.

Catalyst Ru(La-Ni)/Al2O3 La-Ni/Al2O3 Ru/TiO2 Ru/Al2O3 Ru/Al2O3 Ru/Al2O3

Total flow rate

(cm3/min)
1200 1200 1200 1500 1500 5000

Catalyst weight

(g)
13 13 13 25 29 29

WHSV

(cm3/g/h)
5538 5538 5538 3600 3103 10345

Power (W) 40 30 35 30 30 30

SEI

(ev/molecule)
0.509 0.382 0.445 0.305 0.305 0.092

Frequency

(kHz)
12 12 12 10 10 10

Thermal

insulation
× × × × √ √

Reactor inner

diameter (cm)
2 2 2 3 3 3
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3.3 Experimental section

3.3.1 Experimental system

The experimental setup is shown in Figure 3.1. Most parts are the same as the

ones indicated in chapter 2 except the reactor and power source. Two packed-bed

dielectric barrier discharge (PB-DBD) reactors were employed in this chapter, the

inner diameters of which are 20 mm and 30 mm respectively. They are both placed in

the vertical direction. Inside the reactor four types of catalyst pallets were tested in

sequence including Ru-modified La-Ni/Al2O3, La-modified Ni/Al2O3, Ru/TiO2 and

Ru/Al2O3. Prior to each experiment in which the type of catalyst is changed, the

emissivity of new type of catalyst was quantified by calibrating the measured

temperature data with thermocouples. This makes sure the gas temperature in the

emission region matches up to the catalyst temperature. Gas flows downward through

the high-voltage (HV) electrode inside hole so that gas can be preheated. As for

power source, two kinds were used: one is 12 kHz-sinusoidal output (Logy Electric;

LHV-13AC); the other is 10 kHz-asymmetrically peaked output (TAMAOKI

ELECTRONICS CO.LTD; TE-HVP1510K300-NP).

Figure 3.1 Experimental system of auto-methanation.
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3.3.2 Temperature measurement

In auto-methanation reaction, because external heater is not necessary when DBD

is applied to the reactor, the catalyst temperature profile can be obtained from the

axial orientation as the ground electrode was designed in unclosed ring type as shown

in Figure 3.1. However, to know the performance promotion by DBD, thermal

catalysis experiment was also conducted in this chapter. For thermal catalysis using

reactor with inner diameter of 20 mm, the reactor was fully wrapped by the external

heater so that IR mirror was used to detect the catalyst temperature distribution at the

bottom.

Catalyst temperature is determined by the heat balance. It includes heat generated

by DBD (in plasma case) or the external heater (in thermal case), heat released from

methanation reaction because of its exothermic character, and heat removed by heat

conduction through reactor wall, heat convection through feed gas flow, and heat

radiation of the catalysts. In this chapter, the highest catalyst temperature was

regarded as the real-time reaction temperature. This can help with reaction monitoring

to avoid excessive temperature increase that leads to catalyst deactivation or side

reaction. On the other hand, it also becomes easier to know the temperature change

during reaction process. However, one might think in the cases that only the bottom

catalyst temperature distribution is obtained, it’s hard to tell if the highest temperature

at the bottom is the highest one in the whole reaction region. To understand this, the

highest temperature confirmation experiment was conducted using the detachable

heating device. A gap of 2 cm in width was left to facilitate the measurement of axial

temperature distribution. The result proves that the highest catalyst temperature at the

bottom is the highest temperature in the whole reaction region, which can be easily

seen in Figure 3.2. The reason why temperature in non-catalyst region is high is this

area is close to the center of heater so that the heat loss is less than that in area away

from the heater center.
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Figure 3.2 Image of axial temperature distribution in thermal catalysis.

3.4 Auto-methanation in PB-DBD reactor with inner diameter of 20 mm

In auto-methanation, 2 indicators are used to understand auto-methanation

phenomenon, which include: (1) to see if reaction can be self-sustained after DBD-

OFF; (2) to see time-dependent change in catalyst temperature.

3.4.1 Auto-methanation on Ru(La-Ni)/Al2O3

The time-dependent change in gas composition and catalyst temperature

distribution is depicted in Figure 3.3. In thermal catalysis, after CO2 conversion and

catalyst temperature reached the maximum, the heater was turned off at 75 min.

Without thermal insulation, the catalyst temperature gradually decreased and reaction

finally stopped, which means self-sustain is unlikely on Ru(La-Ni)/Al2O3 in thermal

case. The catalyst temperature distribution result indicates that although temperature

difference of less than 50  C exists, temperature distribution can be considered

uniform. Then the temperature curve in Figure 3.3(a) can represent for the change in

catalyst temperature distribution. In the following sessions, because the temperature

distributions at the bottom in thermal catalysis are always uniform, these temperature

figures are not shown in the paper.

For plasma catalysis, at the first 18 minutes, only H2 (flow rate = 960 cm3/min)

was supplied to the PB-DBD reactor. Catalyst temperature increased to approximately



49

250 C due to heat generation by DBD. CO2 was not added to the system because it

can be converted to CO with DBD treatment at temperature below 200 C 4, which is

not the main concerned product and may cause safety issue. As the measured

temperature reached enough high for reaction, CO2 (flow rate = 240 cm3/min) was

added to the system so that reaction occurred and catalyst temperature continued to

increase due to DBD heating and DBD-promoted methanation. From 35 min to 45

min CO2 conversion and catalyst temperature both achieved maximum and became

stable, after which DBD was turned off so that heat generation by only thermal

reaction was unable to compensate for the heat loss. As the catalyst temperature

gradually decreased due to the stop of DBD and the weakening of methanation,

reaction finally stopped after 50 min. It should be pointed out that the catalyst

temperature at the reactor bottom was not always the highest reaction temperature in

the whole experiment process. The axial temperature distribution was more uniform

in H2-DBD environment (15 min) and at the beginning when CO2 was introduced (20

min). With the increase of catalyst temperature, the highest temperature began to

appear in the lower part of the reactor rather than the bottom region (30 min).

However, with further increase of catalyst temperature, the highest temperature

eventually was concentrated at the bottom of the reactor (35 min and 40 min). The

explanation to this is feed gas is preheated through heat transfer from the outside of

electrode as it passes by the high-voltage electrode. If feed gas has already been

preheated to an enough high temperature before it contacts with the catalyst,

methanation reaction can rapidly happen and release a large quantity of heat when it

contacts with the catalyst. So the highest temperature will finally move to the bottom

of the reactor. The biggest difference in temperature distribution from top to bottom is

about 150 C, this is because at such experimental condition the net reaction time is

large enough. Then most feed gas is converted at the lower part of reactor where most

heat is generated while less heat is released from the upper reactor.
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Figure 3.3 Time-dependent change in gas composition and catalyst temperature
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distribution on Ru(La-Ni)/Al2O3: (a) gas composition in thermal catalysis; (b)

temperature distribution in thermal catalysis; (c) gas composition in plasma catalysis;

(d) temperature distribution in plasma catalysis.

Figure 3.4 shows CO2 conversion behavior on Ru(La-Ni)/Al2O3 and compares it

with thermodynamic equilibrium. The result indicates that CO2 methanation is

improved by DBD between 250 C and 400 C. As CO2 conversions in both thermal

and plasma catalysis are close to the equilibrium, the enhancement by DBD becomes

less significant. It should be noted that in Chapter 2, CO2 conversion achieves 75 % at

30 kPa on Ru(La-Ni)/Al2O3 which is close to the maximum of 77 % CO2 conversion

reaches at 80 kPa in vertical PB-DBD reactor case (Chapter 3). This is caused by

different H2/CO2 ratios (in Chapter 2: 5:1; in Chapter 3: 4:1) while higher H2/CO2

ratio results in higher CO2 conversion based on thermodynamic analysis. Another

point is the performance promotion by DBD in vertical reactor is more significant

than that in horizontal reactor. This can be explained by the fact that gas flow in

horizontal direction results in higher turbulence and better mixing performance due to

the lower pressure drop in horizontal reactors. Then uniform heat distribution inside

the horizontal reactor becomes easier. The gas flow in vertical direction leads to poor

mixing performance, which makes temperature different from the top to the bottom of

the vertical reactor. The uniformity of temperature distribution affects the catalytic

performance in these 2 types of reactors.



52

Figure 3.4 Catalytic activity on Ru(La-Ni)/Al2O3 at 80 kPa in vertical PB-DBD

reactor.

3.4.2 Auto-methanation on La-Ni/Al2O3

Time-dependent change in gas composition and catalyst temperature distribution

on La-Ni/Al2O3 is depicted in Figure 3.5. Self-sustain is unlikely to happen on La-

Ni/Al2O3 in both thermal and plasma cases (data was not shown for thermal catalysis).

In plasma catalysis, at the first 15 minutes, only H2 (flow rate = 960 cm3/min) was

supplied to the PB-DBD reactor. As the catalyst temperature increased to

approximately 250 C, CO2 (flow rate = 240 cm3/min) was added to the system. At 45

min CO2 conversion and catalyst temperature both achieved maximum and became

stable, after which DBD was turned off. Because heat generation by only thermal

reaction was unable to compensate for the heat loss, the catalyst temperature

gradually decreased and reaction finally stopped after 55 min. From Figure 3.5(c), it

can be seen that the highest temperature position change in the heating process (15

min, 35 min and 45 min) of La-Ni/Al2O3 is consistent with that of Ru(La-Ni)/Al2O3

while the highest temperature point is moved upward from the bottom in the cooling

process (50 min and 55 min). It finally moves to the reactor center because heat loss

in the center is the least.
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Figure 3.5 Time-dependent change in gas composition and catalyst temperature

distribution on La-Ni/Al2O3: (a) gas composition in thermal catalysis; (b) gas

composition in plasma catalysis; (c) temperature distribution in plasma catalysis.

Figure 3.6 compares CO2 conversion behaviors on La-Ni/Al2O3 and Ru(La-

Ni)/Al2O3. The result shows that the catalytic activities on both catalysts are quite the
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same. CO2 conversion promoted by DBD can be clearly seen between 250 C and 400

 C. As CO2 conversions in both thermal and plasma catalysis are close to the

equilibrium, the enhancement by DBD becomes less significant. The comparison

result also indicates that Ru has little effect on promotion of catalytic performance.

On the contrary, it emphasizes the significance of La in CO2 methanation over La-

contained catalysts.

Figure 3.6 Comparison of catalytic activity on La-Ni/Al2O3 and Ru(La-Ni)/Al2O3 at

80 kPa in vertical PB-DBD reactor.

3.4.3 Auto-methanation on Ru/TiO2

Time-dependent change in gas composition and catalyst temperature distribution

on Ru/TiO2 is depicted in Figure 3.7. It can be known that self-sustain becomes

possible on Ru/TiO2 in both thermal and plasma cases. In thermal catalysis, the heater

was turned off at 40 min. And without thermal insulation, the catalyst temperature

maintained so that reaction remained. For plasma catalysis, at the first 8 minutes, only

H2 (flow rate = 960 cm3/min) was supplied to the PB-DBD reactor. As the catalyst

temperature increased to about 150 C, CO2 (flow rate = 240 cm3/min) was added to

the system. It should be noted that the speed of catalyst temperature rise due to DBD

heating is greater than that due to heating by traditional heaters. This can be seen by

comparison between Figure 3.7(a) and Figure 3.7(b). At 30 min CO2 conversion and
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catalyst temperature both achieved maximum and became stable, after which DBD

was turned off. Because heat generation by only thermal reaction gradually

compensated for the heat loss, the catalyst temperature and reaction finally maintained

after 55 min. In Figure 3.7(c), the highest temperature position change in the heating

process (10 min, 20 min and 30 min) of Ru/TiO2 complies well with that of Ru(La-

Ni)/Al2O3. Although the catalyst temperature difference gets larger as DBD is turned

off (40 min and 55 min), 80 % of CO2 can still be converted thanks to the high

conversion rate in the lower part of the reactor (This can be known from the catalytic

activity result).
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Figure 3.7 Time-dependent change in gas composition and catalyst temperature

distribution on Ru/TiO2: (a) gas composition in thermal catalysis; (b) gas composition

in plasma catalysis; (c) temperature distribution in plasma catalysis.

Figure 3.8 compares CO2 conversion behaviors on Ru/TiO2 and Ru(La-Ni)/Al2O3.

The result indicates DBD has no promotion on catalytic activity of Ru/TiO2. However,
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DBD still plays an important role as ignition. More importantly, the catalytic

performance on Ru/TiO2 is obviously better than that on Ru(La-Ni)/Al2O3. CO2

conversion on Ru/TiO2 achieves 50 % at 200 C, at which temperature the reaction

has not started on Ru(La-Ni)/Al2O3. Besides, the maximum conversion that can be

reached on Ru/TiO2 is about 90 %. These explain why 80% of CO2 can still be

converted in the whole catalyst region after DBD is turned off. Then the heat

generation by these converted CO2 is still enough to compensate for the heat loss from

the reactor, making self-sustained reaction possible.

Figure 3.8 Comparison of catalytic activity on Ru/TiO2 and Ru(La-Ni)/Al2O3 at 80

kPa in vertical PB-DBD reactor: (a) CO2 conversion and (b) heat generated by

methanation, respectively.

3.5 Auto-methanation in PB-DBD reactor with inner diameter of 30 mm

As scaling up the reactor under plasma-controlled thermal management is one of

the targets in this chapter, PB-DBD reactor with inner diameter of 30 mm was studied.

3.5.1 Auto-methanation on Ru/Al2O3

As the inner diameter of the reactor has been enlarged, the heat loss increases

accordingly which influences the heat balance and can fail to realize self-sustained

reaction after DBD is turned off. To compensate for the heat loss, 2 types of methods
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including generating more heat and preventing the heat loss, such as using thermal

insulation, can be utilized. Considering these, in this section the total flow rate was

increased from 1200 cm3/min (in section 3.4) to 1500 cm3/min and simultaneously the

catalyst weight was added from 13 g (in section 3.4) to 25 g. These 2 measures would

prolong the net reaction time and promote CO2 conversion behaviors, further

improving the heat generation. Besides, in this section Ru/Al2O3 was investigated

instead of Ru/TiO2 because TiO2 is a semiconductor material. Electrical conductivity

arises unexpectedly when electrons are transferred to their conduction band, which

influences DBD generation in the reactor. And it has been proved the catalytic

performance on Ru/Al2O3 is as good as that on Ru/TiO2 and DBD can be well

dispersed among Ru/Al2O3 catalysts, as shown in Figure 3.9.

Figure 3.9 DBD generated in vertical PB-DBD reactor (i.d.=30 mm) at 40 kPa with

Ru/Al2O3 inside.

Time-dependent change in gas composition and catalyst temperature distribution

on Ru/Al2O3 is depicted in Figure 3.10. In this and the following sessions, thermal

catalysis experiment was not conducted because the similar catalytic activities on

Ru/Al2O3 and Ru/TiO2 are known and realization of auto-methanation with DBD

treatment is the main target. In plasma catalysis, at the first 15 minutes, the gas

pressure in the reactor was kept at 30 kPa because discharge at such pressure in a

larger diameter reactor became easier. Only H2 (flow rate = 1200 cm3/min) was
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supplied to the PB-DBD reactor. Same to Ru/TiO2 case, as the catalyst temperature

increased to about 150 C, CO2 (flow rate = 300 cm3/min) was introduced to the

system. When methanation was ignited and got stable, the gas pressure was increased

to 80 kPa at 40 min so that heat generation was enhanced. As reaction got stable at 80

kPa, DBD was turned off at 60 min. However, as shown in Figure 3.10(a), the catalyst

temperature gradually decreased and reaction finally stopped after 75 min because the

heat loss was still too large in spite of more reaction heat generation. It is concluded

that self-sustain is unlikely to happen under such conditions on Ru/Al2O3 in plasma

catalysis. As for temperature distribution, the highest temperature position change in

the heating process (20 min, 35 min and 50 min) and the cooling process (65 min and

70 min) of Ru/Al2O3 are in accordance with that of Ru(La-Ni)/Al2O3 and La-Ni/Al2O3,

respectively. But unlike Ru/TiO2 case, the highest temperature in Ru/Al2O3 case only

achieves 350 ℃ (400 ℃ in Ru/TiO2 case). This also implies the larger heat loss

caused by larger reactor diameter, which also explains the rapid decrease in the

highest temperature during DBD-OFF.
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Figure 3.10 Time-dependent change in gas composition and catalyst temperature

distribution on Ru/Al2O3: (a) gas composition in plasma catalysis; (b) temperature

distribution in plasma catalysis.

Figure 3.11 illustrates CO2 conversion behavior on Ru/Al2O3 and compares it

with thermodynamic equilibrium. The result shows CO2 conversions at both 30 kPa

and 80 kPa achieve their maximum which are close to equilibrium. Because the net

reaction time in this session is longer than that in Ru/TiO2 case, CO2 conversion

reaches 60 % at 30 kPa and 200 C on Ru/Al2O3, which is even 10 % higher than that

at 80 kPa and 200 C on Ru/TiO2.
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Figure 3.11 Catalytic activity on Ru/Al2O3 in vertical PB-DBD reactor.

3.5.2 Auto-methanation on Ru/Al2O3 with thermal insulation

Because the heat loss is too large for larger diameter reactor, as indicated in

session 3.5.1, in this session the catalyst weight was increased to 29 g and a

detachable heating device was used to provide thermal insulation, the temperature of

which was set at 130 ℃. By doing so, more heat can be generated, but more

importantly, the main cause of heat loss can be reduced. Besides, Ar was introduced to

the reactor as dilution after DBD was turned off. This is because with thermal

insulation self-sustained reaction becomes possible and the catalyst temperature

eventually remains a certain value. As Ar was gradually added, the temperature and

Ar flow rate at which reaction would stop were known. This helps provide

information for scale-up design of the reactor.

Time-dependent change in gas composition and catalyst temperature distribution

on Ru/Al2O3 with thermal insulation is depicted in Figure 3.12. In plasma catalysis, at

the first 5 minutes, the gas pressure in the reactor was kept at 40 kPa. Only H2 (flow

rate = 1200 cm3/min) was supplied to the PB-DBD reactor. CO2 (flow rate = 300

cm3/min) was then introduced as the catalyst temperature increased to about 150 C.

When methanation got stable, the gas pressure was increased to 80 kPa at 20 min. As

reaction got stable at 80 kPa, DBD was turned off at 30 min. Then reaction

maintained and the catalyst temperature remained at 310 ℃. So self-sustain has been
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proved successful with thermal insulation. At 35 min, 1000 cm3/min of Ar was

introduced to the system, as the catalyst temperature gradually reduced, it finally

remained at 265 ℃. At 45 min, Ar flow rate was further increased to 2000 cm3/min.

Then reaction finally stopped after 70 min. As for temperature distribution, the highest

temperature position change in the heating process (10 min and 25 min) and the

cooling process (40 min, 55 min and 65 min) of Ru/Al2O3 with thermal insulation are

consistent with that of Ru(La-Ni)/Al2O3 and La-Ni/Al2O3, respectively. After DBD

was turned off, with the gradual dilution of Ar into the reactor, heat generated at the

bottom was brought to the top of the reactor so that the highest temperature was

moved to the top. Another reason for this is the top of the catalyst region was placed

close to the heater center which has less heat loss.

Figure 3.12 Time-dependent change in gas composition and catalyst temperature
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distribution on Ru/Al2O3 with thermal insulation (furnace temperature: 130 C, total

flow rate: 1500 cm3/min): (a) gas composition in plasma catalysis; (b) temperature

distribution in plasma catalysis.

Figure 3.13 compares CO2 conversion behaviors on Ru/Al2O3 with (40 kPa, 80

kPa) and without (30 kPa, 80 kPa) thermal insulation. The result shows that applying

thermal insulation doesn’t help with promotion of catalytic activity. The little higher

CO2 conversion for the case with thermal insulation at 80 kPa (curve in yellow) is

mainly caused by the increase of net reaction time which is prolonged as the catalyst

weight increases. The conversion difference between 40 kPa case and 30 kPa case is

caused by not only net reaction time difference but also reaction pressure difference

based on thermodynamic analysis.

Figure 3.13 Comparison of catalytic activity on Ru/Al2O3 with and without thermal

insulation in vertical PB-DBD reactor: (a) CO2 conversion and (b) heat generated by

methanation, respectively.

To further understand scale-up design of the reactor, a larger H2/CO2 flow rate of

5000 cm3/min was supplied so that more heat would be generated. Then the Ar

dilution to stop the reaction would also be changed. The time-dependent change in gas

composition and catalyst temperature distribution under such condition is depicted in
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Figure 3.14. In plasma catalysis, at the first minute, the gas pressure in the reactor was

kept at 40 kPa. Only H2 (flow rate = 4000 cm3/min) was supplied to the PB-DBD

reactor. As the catalyst temperature increased too fast, CO2 (flow rate = 1000 cm3/min)

was introduced directly after 1 min. When methanation got stable, the gas pressure

was increased to 80 kPa at 15 min. As reaction got stable at 80 kPa, DBD was turned

off at 25 min. Then 4000 cm3/min of Ar was introduced to the system, the catalyst

temperature correspondingly reduced to 370 ℃. At 35 min, Ar flow rate was further

increased to 5000 cm3/min. Then reaction finally stopped after 45 min. As for

temperature distribution, the highest temperature position change in the heating

process (5 min, 10 min and 20 min) and the cooling process (30 min, 40 min and 45

min) of Ru/Al2O3 in larger flow rate complies with the law indicated in Figure 3.12.

Figure 3.14 Time-dependent change in gas composition and catalyst temperature
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distribution on Ru/Al2O3 with thermal insulation (furnace temperature: 130 C, total

flow rate: 5000 cm3/min): (a) gas composition in plasma catalysis; (b) temperature

distribution in plasma catalysis.

Figure 3.15 compares CO2 conversion behaviors on Ru/Al2O3 in different flow

rate conditions. The result shows that the catalytic activity at total flow rate of 5000

cm3/min is lower than that at total flow rate of 1500 cm3/min. This is because net

reaction time is shortened as the total flow rate increases. However, despite a lower

CO2 conversion, as indicated in Figure 3.15(b), reaction heat achieves 80 W in larger

flow rate, which is nearly 3 times higher than that in smaller flow rate case. With such

big heat generation, it makes self-sustained reaction likely to be achieved after DBD

is turned off. And it needs a larger amount of Ar diluted into the reactor so that the

reaction can finally stop. In addition, from Figure 3.15(a), it can be seen CO2

conversion is much lower than the equilibrium for larger flow rate case. This might be

caused by the lower SEI, as shown in table 3.1.

Figure 3.15 Comparison of catalytic activity on Ru/Al2O3 in different flow rate

conditions in vertical PB-DBD reactor: (a) CO2 conversion and (b) heat generated by

methanation, respectively.

3.6 Conclusion
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Auto-methanation can be achieved when enough discharge power is applied.

DBD in this process plays important role as ignition (on Ru/TiO2 & Ru/Al2O3) or

even promotion (on Ru(La-Ni)/Al2O3 & La-Ni/Al2O3) if highly reactive species can

well interact with catalyst surface. The monometallic Ruthenium catalysts prove

potential catalysts to sustain methanation after DBD treatment. This is because high

CO2 conversion is still possible at low temperature region, promoting heat generation.

However, long-term stability test on these catalysts is needed. It’s worthwhile to find

an appropriate catalyst whose activity can be well promoted by DBD. If so, DBD can

be well used in auto-methanation with a lower power consumption. To scale up the

reactor, the type of catalyst and prevention from heat loss are most significant factors.

Catalyst that has good catalytic activity at such low temperature as 200 ℃ is preferred.
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Chapter 4: Conclusion

This thesis aims to demonstrate the feasibility of auto-methanation process on

different types of catalysts. To this end, plasma-enhanced catalytic performance in the

packed-bed dielectric barrier discharge reactor was confirmed at first (Chapter 2). In

situ diffuse reflectance infrared Fourier-transform spectroscopy experiment was

conducted to understand reaction mechanism (Chapter 2). Auto-methanation was

designed when discharge power was sufficient for reactor to reach the initial reaction

temperature (Chapter 3).

In Chapter 2, the low-temperature CO2 methanation was improved by Ru-based

multi-metallic catalyst and applying DBD to the reaction. Because La promotes

adsorption of CO2 via vibrational excitation. Besides, increasing the frequency from

12 kHz to 100 kHz at constant power can improve reaction performance because

high-frequency operation enhances generation of vibrationally excited CO2, further

accelerating carbonate formation on catalysts. To better understand reaction

mechanism in DBD environment, in situ diffuse reflectance infrared Fourier-

transform spectroscopy (DRIFTS) was employed under the presence of DBD last year.

From in situ DRIFTS results, it was found that formation of carbonate species

plays an important role in DBD-enhanced methanation reaction. Besides, the role of

adding Ru and La into catalyst is also confirmed. It proves our catalyst can present a

good catalytic performance and DBD environment can further promote it at a lower

temperature. However, the role of formyl in the formation of CH4 under the presence

of DBD remains unclear. The reaction pathway is hard to track from the DRIFTS

observation. So one plan for the future study is to figure out the reaction mechanism

by means of Fourier-transform infrared spectroscopy (FTIR) analysis.

As nonthermal plasma is applied to promote catalytic performance, both heat and

radicals generated by discharge are considered as impact factors. However, it is

always hard to distinguish them. Thermodynamically, CO2 methanation is an

exothermic reaction, which is highly dependent on the temperature. The proper
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management of exothermic energy generated during methanation is critical to

developing the CO2 conversion system on an industrial scale. To avoid thermal

runaway from reactor, a better insulation system needs to be developed. Radicals

promoting excited CO2 generation has been reported in many methanation studies. It

has great significance for achieving a higher CO2 conversion with discharge at a much

lower energy than reaction heat.

Methanation with nonthermal plasma treatment could efficiently produce

methane even without external heating. This is one process intensification technique

to improve the methanation process which usually requires heating at approximately

250-300 C, which imparts a significant advantage to the process operation from an

economic viewpoint. This also implies realization of auto-methanation becomes

possible.

In Chapter 3, this study realized auto-methanation on 4 types of catalysts

including Ru-modified La-Ni/Al2O3, La-modified Ni/Al2O3, Ru/TiO2 and Ru/Al2O3.

CO2 conversion behaviors in a vertical packed-bed dielectric barrier discharge reactor

at 80 kPa were investigated. Besides, whether self-sustained reaction is feasible or not

after DBD-OFF was also observed. The low-temperature CO2 methanation can be

improved on Ru(La-Ni)/Al2O3 and La-Ni/Al2O3 by applying DBD to the reaction

while DBD has no promotion effect on Ru/TiO2 and Ru/Al2O3. With only DBD

treatment, DBD heating can help increase catalyst temperature to reaction temperature.

However, self-sustained reaction only occurs on both monometallic Ruthenium

catalysts due to their good catalytic activities around 200 C. DBD plays important

roles as ‘ignition’ and ‘promotion’ once highly reactive species can well interact with

catalyst surface. It should be pointed that long-term stability test on the catalyst is

further needed.


