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EXECUTIVE SUMMARY 

 

Hydrocracking is conventionally employed as the process to upgrade bitumen for reduced 

viscosity and density as well as other property enhancements. Such process is costly and energy 

inefficient due to the involvements of expensive hydrogen and severe reaction conditions. 

Compared to hydrotreating, plasma assisted methane treating is more environmentally friendly 

and economically profitable. This research aims to develop a cost-effective partial upgrading 

technology. This research explored the possibility to apply a technology based on the directly 

catalytic incorporation of natural gas into bitumen at mild condition under the facilitation of in 

situ generated non-thermal plasma. However, upgrading of heavy oil model compound with ring 

structure shows unpromising outcome. The results indicate the aromatics is difficult to activate 

by plasma, while the ring of aromatics is hard to open. 

In the meanwhile, the reactions with dodecane and decene imply that cracking, C-C coupling, 

and hydrogenation are the dominant reactions. These observations suggest this technology is 

very effective for gas phase reaction, carbon chain extension, and olefin reduction, which inspire 

us to apply NTP technology on light hydrocarbon utilization. Therefore, except bitumen related 

study, more research effort has been focused on the gas phase reaction, such as the conversion of 

light hydrocarbons (biogas, natural gas, LPG) to valuable liquid chemicals. Biogas can be 

converted to more valuable liquid chemicals such as formaldehyde, methanol, ethanol, and 

acetone rather than syngas; light hydrocarbons such as natural gas and LPG can be transformed 

to C6-C9 branched-chain alkanes at low temperature and atmospheric pressure. 

These findings provide an environmentally superior option to meet rapidly growing energy 

demands. From the viewpoint of engineering practice, one pot process developed in this project 

has the potential to make the utilization of natural gas more economically profitable. Moreover, 

the achievement made from this project will further ascertain the leading position of Canada in 

the world's energy market through more efficient and cleaner utilization of light hydrocarbon 

which are abundant natural resources in Canada. 
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1 INTRODUCTION 

 

Hydrocracking is conventionally employed as the process to upgrade bitumen for reducing its 

viscosity and density, increasing its H/C ratio, and removing associated impurities. Such process 

is costly and energy inefficient due to the involvements of expensive hydrogen generated from a 

separate unit through natural gas steam reforming and high operation pressure.  

This research aims to develop a cost-effective partial upgrading technology to increase the 

mobility of the bitumen extracted from surface minable oil sands. Reducing the viscosity will 

satisfy the pipeline transportation specification while enhancing the quality of the upgraded oil 

beneficial for its further refining at the other end of the pipeline. This will be done using a 

technology based on the directly catalytic incorporation of natural gas into bitumen at mild 

temperature and atmospheric pressure under the facilitation of in situ generated plasma in a 

nonthermal way. The in situ activated and ionized methane then interacts with the broken 

molecular pieces formed from bitumen thermal cracking with the assistance of high voltage 

electric field, leading to the production of the partially upgraded oil with enhanced oil yield and 

quality for pipeline transportation under the facilitation of co-existing catalyst.  

Compared to hydrotreating, plasma assisted methane treating is more environmentally friendly 

and economically profitable. Moreover, the achievement made from this project will further 

ascertain the leading position of Canada in the world's energy market through more efficient and 

cleaner utilization of heavy crude oil and natural gas which are abundant natural resources in 

Canada. 

 

Research objectives include: 

• Determine the optimal reactor configuration for non-thermal plasma (NTP) generation at 

lab scale. 

• Identify the effect of NTP addition on bitumen partial upgrading and determine the 

optimized plasma generation conditions and reaction conditions. 

• Deliver at least one catalyst formulation which can effectively catalyze bitumen partial 

upgrading using methane to produce pipeline quality crude oil under the facilitation of 

the non-thermal plasma. 

• Identify the effect of NTP addition on the catalytic liquefaction of other hydrocarbon 

resources (e.g. natural gas, LPG, biogas). 

• Gain a better understanding of the non-thermal assisted plasma-catalytic reaction 

mechanism beneficial for kinetic model development. 

• Determine the economic feasibility of this novel non-thermal plasma methane assisted 

catalytic bitumen partial upgrading technique at commercial scale using process 

simulation. 

 

To reach the mentioned objectives, the performed studies and major results are summarized as 

follows: 

• Catalytic assisted Direct Barrier Discharge (DBD) reactor has been developed and tested 

for both gas and gas-liquid reactions. Optimal conditions for safe plasma generation has 

been established. 



IOSI 2016-06, NTP assisted bitumen upgrading  Page 2 of 34 

Hua Song, (403) 220-3792, sonh@ucalgary.ca                July 20, 2020 

• Upgrading of 1-methylnaphthalene chosen as a heavy oil model compound study for 

liquid substrate testing shows unpromising performance, and the data indicates very little 

synergy between the catalytic and plasma reactions because the liquid substrate is hardly 

activated by plasma.  

• More investigations on the plasma reactions of other heavy oil model compounds, 

cyclohexane, toluene, dodecane and decene, at gas phase are carried out. The results of 

the conversion of cyclohexane and toluene suggest that the ring is hard to open, and ring 

alkylation is the major reaction under the plasma conditions. The reactions with dodecane 

and decene imply that cracking, C-C coupling, and hydrogenation are the dominant 

reactions. These observations suggest this technology is very effective for gas phase 

reaction, carbon chain extension, and olefin reduction. 

• Catalytic dry reforming of methane has been thoroughly investigated as a model reaction 

for initial investigations, including analytical methods for thorough analysis of gas, liquid 

and coke products investigated to obtain a closed carbon balance, numerous catalysts 

designed and investigated to increase conversion of CH4 and CO2, increase selectivity 

towards liquid products (rather than syngas) and minimize coke deposition. 

• The investigations of simulated natural gas and liquified petroleum gas show that C1-C4 

light hydrocarbons are effectively converted into C6-C9 branched-paraffins with high 

yield and low coke formation. The statistically significant synergetic interactions between 

the catalyst and plasma are observed during the conversion of light hydrocarbons into 

liquid chemicals. 

• One unique photocatalyst Ti-Ga/UZSM5 is developed. This catalyst could utilize the 

UV/Visible light generated from plasma, thus significantly increase the conversion, 

improve the liquid yield, and control the coke formation. 

• These results were published on Energy Conversion and Management, The Journal of 

Physical and Chemistry Letters, and Chemical Communications. 

 

Two postdoctoral scholars specialized in oil upgrading and heterogeneous catalysis along with a 

doctoral student were engaged in this project full time. They were trained to become not only a 

quick learner for new area in this project, but also independent researchers with critical thinking 

ability. All these researchers were given many opportunities to develop their experimental, 

technical communication and academic writing skills.  
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2 BACKGROUND 

There are an estimated 174 billion barrels of natural bitumen reserves in Canada. In 2016, 

bitumen production from the oil sands was ~2.5 million barrels per day (bpd). The Canada’s 

National Energy Board has projected that bitumen production will jump to 4.3 million bpd by 

2040. The extracted bitumen from oil sands has an average density of 1.0077 g/cm3, API gravity 

of 8.9, and a dynamic viscosity of 2×105-2×106 cP at atmospheric conditions1. Such bitumen is 

highly viscous and must be diluted to meet pipeline specifications for transport to refineries in 

the United States. Pipeline transport requires a fluid density of < 0.940 g/cm3 and dynamic 

viscosity of < 330 cP (at 7.5-17 ℃)1, 2. As such, the goal of this project is to develop a process 

that can reduce the viscosity and increase the API of bitumen to meet pipeline specifications in a 

more economical way.  

Traditionally hydroconversion processes can be used to decrease the viscosity of oil, improve the 

API gravity, and reduce the S content of the oil. Using hydrogen in bitumen upgrading is well 

known and can enhance the properties of the oil, but the costs of hydroconversion are relatively 

high due to the consumption of high pressure H2 (>8 MPa) 3. An alternative approach to obtain 

the benefits of hydrogen addition is to add a cheap and abundant H-donor to the bitumen, such as 

methane. The goal of the current project is to develop a partial upgrading technology to increase 

the mobility of the extracted bitumen by reduction of the viscosity. This will be done using a 

technology based on the non-thermal plasma assisted catalytic incorporation of natural gas (i.e. 

methanoconversion) into cracked bitumen at mild temperature and 1 atm compared to 

hydroconversion (i.e. 400 ℃ and 16 MPa H2) as natural gas prices are far more economically 

advantageous compared to H2.  

The use of methane to upgrade crude oil is not a novel idea. However, based on a thorough 

literature search the work surrounding this area is limited and dominated by one research group 

headed by Cesar Ovalles. As shown by their work 4-6, the conversion and viscosity reduction of 

extra-heavy crude oil over typical dispersed Fe and Mo catalysts in a methane atmosphere is 

poor. Consequently, this may be the reason why limited development or progress has been made 

in this area in recent years. Subsequently, there is a need for further research in this area for 

better methane activation to achieve more efficient methanotreating.  

Compared to hydrogen, methane has much more stable molecular structure (tetrahedron), 

resulting in its inert chemical and physical properties. Therefore, the developed catalyst should 

activate the methane first to make it as active as hydrogen for participating into the cracked 

bitumen upgrading process. The methane activation is triggered by the first C-H bond cleavage 

in its tetrahedral structure. Such bond breakage requires activation energy as high as 104 

kcal/mol. However, once the first C-H bond is broken, the formed methyl radical is very active, 

and the remaining C-H bonds cleavage will happen automatically in a chain reaction if there is 

no termination group to end it. The desired catalyst should be able to effectively lower down the 

energy barrier allowing the methane activation happening at less severe reaction conditions.  

Traditional thermo-catalytic methods employ both oxidative 7, 8 and non-oxidative 9, 10 conditions 

to yield olefins and aromatics whereas partial oxidation of methane with carbon dioxide forms 

valuable syngas.11, 12 Firstly, the methane activation has been extensively studied under oxidative 

environment, which is thermodynamically favored, through so-called oxidative coupling of 

methane (OCM) reaction to produce ethylene, a very important petrochemical feedstock, since 

1980s. Although hundreds of catalysts which have been comprehensively reviewed 13-16 have 

been tested since then, their poor C2 product yields (<25%) limit the further commercial 
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considerations of such process. Under such circumstance, rather than keeping trying to optimize 

catalyst formulation for slightly enhanced performance which might be internally limited by the 

reaction thermodynamics as hinted by the empirical rule of 100 17, many researchers have 

dedicated themselves to the field of methane activation under nonoxidative condition over the 

past more than thirty years and many catalyst systems have been reported 18-24, among which 

zeolite supported molybdenum catalyst demonstrates the most promising activity toward 

methane conversion to higher hydrocarbons 25. Even though, less than 10% methane conversion 

is observed when the temperature is higher than 700 ℃ with major products in aromatics. 

Obviously, this category of catalysts cannot meet the requirements raised from the 

methanotreating process either.  

We need to thank the promising work pioneered by Choudhary, et al. 26 and evidenced by a 

series of following publications 27-29 which indicates that methane conversion will be 

significantly improved in the presence of higher hydrocarbon reactants, particularly unsaturated 

hydrocarbons at much lower temperature region (400 ~ 600 ℃) and atmospheric pressure and 

which sets the partial ground for this proposed technology. Based on these observations, the co-

existing heavy oil which is primarily composed of higher hydrocarbons including paraffins, 

aromatics, and naphthenes 30 should help the activation of methane and its following conversion 

after its initial crack down to smaller molecules containing shorter carbon chain aided by the co-

existing cracking catalyst. The activated methane molecule will form CHx and H4-x species. 

Hydrogen species will then be used for cracking down the aromatic ring and attached long side 

carbon chain and following saturation through hydrogenation and hydrogenolysis reactions while 

removing sulfur, nitrogen, and metal out from the crude oil under the facilitation of the 

developed catalyst. At the same time, the cracked heavy oil molecules should be able to react 

with the produced CHx moiety to form more synthetic crude oil. Therefore, theoretically 

speaking, the synergetic effect between heavy oil and methane during methanotreating process 

should take place when suitable catalyst system is charged, which has been experimentally 

evidenced by the previous studies performed in our research group related to heavy oil upgrading 

supported by the last Imperial Oil and CRD joint funding 31-34, light olefin upgrading 35-38, and 

biomass upgrading 39-42 as highlighted in the “Contributions” section of the Form 100. Moreover, 

the methane engagement into the upgrading reaction and incorporation into the formed products 

has also been successfully witnessed. However, the measured methane conversion still remains 

lower than 10% even under the best scenario. 

Many attempts are made to activate methane in a non-traditional way. Non-thermal plasma 

(NTP) is an exciting and emerging technology within light hydrocarbon utilization towards 

value-added chemicals, which allows thermodynamically unfavorable chemical reactions to 

readily proceed at relatively low temperature in a non-equilibrium approach.  

Versatile discharge techniques such as corona discharge, spark discharge, microwave discharge, 

gliding arc discharge, and dielectric barrier discharge (DBD) have been developed for generating 

different methane plasma sources with their own characteristics of electron energy and degree of 

thermal activation, leading to different product distribution 43. For example, the main product of 

a methane DBD is typically ethane, with a non negligible amount of propane and butane. 

However, in the case of a spark discharge, acetylene selectivity is significantly increased. The 

formed non-thermal methane plasma (also called non-equilibrium plasma) is characterized by the 

presence of electrons that have much higher energy than the other surrounding particles, as a 

result of which there is a huge temperature difference between these electrons and background 

gas. The temperature of the electrons can be as high as 105 K while the reactive gas still 
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maintains at the reaction temperature 43-45. These generated highly energetic electrons make 

collisions with the surrounding methane gas molecules and then produces CHx and H species as 

well as corresponding ion species (e.g. CHx
+) which are active for bitumen upgrading.  

In addition to the innumerous catalytic methane activation attempts, plasma assisted methane 

activation has also been extensively studied by many researchers over the past more than 30 

years upon applying high temperature (>2,300 K) 46 in a thermal way or high voltage electric 

field (e.g., 10-20 kV) 44 in a non-thermal approach to generate plasma state methane composed 

of positive, negative ions, electrons, and neutral species 46 which are chemically active for its 

following conversion to form versatile valuable products such as high purity hydrogen, carbon 

with nanostructure, synthesis gas, and higher hydrocarbons. Compared to thermal one, non-

thermal plasma assisted methane activation is more energy efficient and more applicable for 

bitumen upgrading because the reaction temperature can be maintained at relatively low level to 

effectively prevent overcracking.  

The aforementioned catalyst assisted synergetic effect on methane activation can be further 

enhanced when an external electric field at high voltage is applied in a non-thermal way. The 

resulting formed plasma state methane is much more chemically active and can readily 

participate in the catalytic bitumen partial upgrading for producing pipeline transportable crude 

oil. Such so-called hybrid catalytic-plasma strategy for methane activation and conversion has 

been repeatedly reported by many researchers in the literature for the formations of hydrogen, 

higher hydrocarbons, synthesis gas, and clean gas from after-treatment of exhaust gas.  

For example, according to the report from Heintze et al. 47, methane conversion was significantly 

increased from 7% to 25% at 300 ℃ during its partial oxidation when plasma power was applied 

to the Ni/Al2O3 catalyst bed in a DBD mode. A similar promotion effect is also witnessed by Liu 

et al. where an increase of methane conversion from 4.3% to 27.4% was noticed after Sr- 

La2O3/La(OH)3 catalyst was introduced into a corona discharge environment for higher 

hydrocarbon production 48. Moreover, for methane reforming reaction, the synergistic factor, 

defined as the ratio of the performance achieved with plasma catalysis to the summation of the 

performance obtained with plasma-alone and catalysis-alone, can be as high as 2.4 49. Therefore, 

the synergism is highly expected to be observed during our proposed upgrading reaction, which 

originates from the interactions between plasma and catalysis.  

There are also a few papers dedicated to the study of non-thermal assisted heavy oil upgrading at 

elevated temperature under atmospheric pressure gas flow 50-52. It is observed that the gas 

reactivity can be promoted by exciting to its plasma state, which can in turn accelerate heavy oil 

conversion to gas and light oil products through intimate gas/liquid interaction. However, the 

inherent poor product selectivity under plasma conditions limits the wide implementation of this 

technique. Therefore, there is an intrinsic need for the combination of catalyst and non-thermal 

plasma operation for enhancing heavy oil upgrading performance under methane environment in 

order to meet the pipeline transportation specifications with maximized liquid yield. 

Kong, et al. patented a non-thermal plasma system with optional catalyst loading and UV 

lighting accessories and corresponding method for natural gas and heavy hydrocarbon co-

conversion 53, which disseminates a similar concept as what has been disclosed in the proposed 

research. Nevertheless, the plasma-catalytic effect and methane participation are not 

demonstrated at all from the reported experimental results, since the data collected from the 

control runs are not provided where no plasma power is applied with and without catalyst 

addition under N2 or CH4 environment. Moreover, the reported conventional hydrotreating 
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catalyst in this patent might not have any effect on methane activation. It is even more frustrating 

that there are no following publications from the organization reporting the experimental details 

and continuous study on this topic. 

Application of an electric field generates highly energetic electrons with a typical electron 

temperature of 1-10 eV, such species may transform inert molecules into excited states through 

ionization, vibrational and rotational excitation and radical formation,54 thus initiating various 

chemical reactions at far lower temperatures (e.g. room temperature) compared with thermal 

catalysis owing to high thermodynamic barrier. Therefore, NTP technology can be applied to 

other reactions. For example, dry reforming of CH4 (DRM) with CO2 to syngas 55-59 

(CH4+CO2→2CO+H2, ΔH298K=247 kJ/mol).  

The synergistic effect between NTP and the catalyst was also observed in DRM with CO2 into 

syngas at room temperature. 58, 60-63 The selectivity of C2-C4 hydrocarbons from methane 

conversion increases when using the catalyst in the plasma reaction.64 The same positive effect 

on the formation of liquid chemicals is reported in one-step reforming of CO2 and CH4.65 

Catalyst development for the hybrid plasma-catalytic system has focused primarily on γ-Al2O3 

supported Ni,65-71 Cu,65, 72 Ag,64 Pd 73, 74, Pt 65, and Rh 75, with few studies on zeolite catalyst 55, 

76-78. 

Biogas is a promising renewable energy source, which primarily consists of methane (55-65%) 

and carbon dioxide (35-45%) 79 produced from the anaerobic digestion of biomass, landfill, and 

wastewater treatment. Extensive investigations on the conversion of biogas with NTP are mostly 

concentrated on producing syngas or higher hydrocarbons (C2-C4) 55, 58, 66, 70, 80, while very little 

effort is devoted to the formation of liquid products.65 Another critical issue for a plasma-

catalytic reaction is the formation of carbonaceous species, which are both a waste of raw 

materials and poisonous to the catalyst. Carbonaceous species is largely overlooked within 

plasma-assisted catalytic DRM reported in the literature and predominantly estimated to be 

higher than 10%. 65, 66 Actually, the coke yield is more severe. Importantly, the nature of 

carbonaceous species has a significant effect upon the plasma itself, with more stable carbon 

species (oxidized at T>650K) destabilizing the plasma resulting in arcing and poorer methane 

conversion.81 On this note, we herein employ NTP to simultaneously converted biogas to liquid 

chemicals with controlled carbon deposition at low temperature and atmospheric pressure. 

Light hydrocarbons, including natural gas and liquefied petroleum gas (LPG), are abundant, 

cheap and underutilized. Natural gas is mainly used for residential heating, cooking, and 

electricity generation. LPG is manufactured in the process of petroleum (crude oil) refining or 

extracted from petroleum or natural gas stream as they emerge from the ground, which generally 

consists of hydrocarbons with three and/or four carbon atoms. LPG is commercially used as a 

fuel in heating appliances and cooking equipment. The high-octane rating and less CO2 emission 

enable LPG to be widely employed as a vehicle fuel, thus lowering dependence on petroleum 

based liquid fuels and reducing the environmental concerns. 82 Besides, LPG with high-grade 

purity is increasingly utilized as an aerosol propellant  or a refrigerant 83, serving as a functional 

replacement for chlorofluorocarbon or hydrofluorocarbon refrigerant in an effort to reduce ozone 

depletion.  

Extensive thermo-catalytic approaches are developed to convert natural gas to syngas 11, higher 

hydrocarbons 84, oxygenate chemicals 85, and aromatics 10 in an oxidative or non-oxidative way. 

In addition to convert LPG to light olefins (C2H4, C3H6) 86 and single-walled carbon nanotubes, 
87 some attempts focus on steam reforming of LPG to produce hydrogen for fuel cells. 88 More 
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effort is devoted to the direct transformation of LPG to aromatics to increase its value. 89-91 

Aromatics, particularly, BTX (benzene, toluene, xylene), are more valuable and can be used as 

the raw material in the petrochemical industry or blended with gasoline to enhance the octane 

number. 92 Unfortunately, light alkanes are chemically inert, which makes these transformations 

thermodynamically unfavourable at low temperatures. Conventional thermo-catalytic approaches 

to achieve these reactions require high reaction temperatures (> 673 K), which inevitably give 

less desired products with severe coke formation. 93  

Another direction being taken to break the high thermodynamic barrier for methane activation is 

photocatalysis, which employs photoenergy to promote reactions at low temperatures. Such low 

temperature could minimize the energy consumption and reduce the side reactions such as coke 

formation.94 Photo-oxidative dehydrogenation of methane under simulated sunlight irradiation 

could generate C2 hydrocarbons, and a selectivity of 89.47% for ethane can be obtained. 95 Upon 

photoirradiation with UV/vis, methane can undergo dehydrogenative coupling reaction to form 

ethane and hydrogen, 96, 97 and the selectivity of ethane and hydrogen products could be up to 

99%. 97 It is also reported that methane can be photo-chemically converted to methanol and 

hydrogen in the presence of H2O or CO2 under the facilitation of UV-visible light. 98, 99 Despite 

the relatively high selectivity of products can be achieved under mild conditions, most of the 

reported photocatalytic conversions give a low product yield and a low energy efficiency.94, 95. 

Ultraviolet radiation can be self-generated by non-thermal dielectric barrier discharge plasma 100, 

101 which drives us to integrate plasma activation and photocatalysis for light hydrocarbon 

conversion.  

In summary, Alberta is rich in crude oil and ranked the third-largest crude oil reserve in the 

world. However, 99% of the reserved oil resource is heavy crude oil which needs to be 

significantly upgraded before customer use. With plasma activation, ionized methane will be 

effectively produced and then incorporated into bitumen upgrading process. Compared to 

hydrotreating, plasma assisted methane treating is more environmentally friendly and 

economically profitable. Because of the limited related research, the goa of this research is to 

identify the effect of NTP addition on bitumen partial upgrading under methane environment. 

Canada is also abundant in natural gas reserves and is the third largest natural gas producer and 

exporter in the world. Increasing worldwide energy demand has sparked research interests 

towards the direct transformation of light hydrocarbons into valuable liquid fuels or chemicals.  

It is reported that NTP technology could effectively activate light hydrocarbons for syngas or H2 

production. Another objective of this study is to achieve plasma assisted one-step catalytic 

liquefaction of light hydrocarbon. 

In the meanwhile, a better understanding of the plasma-catalytic upgrading reaction and catalyst 

deactivation mechanism is very crucial to rationally design catalyst structure for achieving enhanced 

performance. Therefore, more thorough and in-depth investigation on this topic should be 

conducted to identify the role played by plasma and catalyst individually and how they jointly 

contribute to the bitumen partial upgrading under methane environment. More importantly, 

whether and how methane gets involved into the upgrading reaction need to be carefully 

examined. 
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3 EXPERIMENTAL 

3.1 Non-thermal Plasma Reactor Configuration 

Reactions were carried out in a coaxial dielectric barrier discharge (DBD) reactor at room 

temperature and atmospheric pressure (Figure 1). The DBD reactor consisted of a quartz tube 

and two coaxial electrodes. The inner high-voltage electrode was a stainless-steel rod with an 

outer diameter (o.d.) of 14.3 mm and installed along the axis of the quartz tube (25.4 mm 

o.d.×20.3 mm i.d.). The outer electrode is a copper coil (3.175 mm o.d.) wrapped on the external 

quartz tube served as the dielectric material. This configuration gives the discharge length of 80 

mm with a discharge gap of 3 mm. The high voltage is applied to the inner electrode whereas the 

outer electrode is grounded. The pelleted catalyst is packed into the discharge area.  

 

Figure 1. Schematic diagram of experimental setup 

Depending on the position of catalyst, such interactions can be classified into two different 

categories (i.e., single-stage and two stage). The plasma-catalyst interactions become rather 

complicated once the catalyst is present within plasma zone. Such single-stage plasma catalysis 

could lead to three general technical advantages: (1) The charged catalyst enhances the energy 

efficiency of plasma chemistry due to its electric conductive feature, thus leading to the creations 

of more energized active species participating in the upgrading reaction. (2) The implementation 

of high voltage electric field increases the internal energy of reactants, the active metal 

dispersion on the catalyst support, and work function of the engaged catalyst, thus benefiting the 

improvement of catalytic reaction rate. (3) The metal dispersion enhancement could effectively 

suppress the coke formation and therefore alleviates the catalyst deactivation, thus extending 

catalyst durability 49.  
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The plasma discharge is generated using AC high-voltage generator (HVP, G2000). The voltage 

and current measurements are monitored with a two-channel digital oscilloscope (Tektronix, 

TBS2072) with 70 MHz bandwidth, 1 GS/s sample rate and 20 M record length. The 

oscilloscope equipped with an AC current probe (P6021A, Tektronix) with a bandwidth of 120 

Hz to 60 MHz and a HV voltage probe (P6015A, Tektronix) with 75 MHz bandwidth and 40 kV 

maximum peak-to-peak voltage. All the experiments were conducted at ca. 9.25 kV peak to peak 

at load with a constant frequency of 17 kHz at room temperature. 

To measure the reaction temperature, a thermocouple was put between quartz tube and outer 

electrode. The reaction temperature was around 100 ℃. The reaction temperature was also 

measured by an infrared thermal camera (FLIR ONE Pro), as shown in Figure 2. The camera 

was placed at 10 cm beneath the reactor to measure the temperature distribution of DBD reactor. 

The temperature was monitored after 40 min of reaction before the plasma is switched off. The 

average temperature of the entire reactor is 61.5 ℃, while the highest temperature is 96.9 ℃ on 

the inner electrode. These results indicate that the reaction is occurring at a relatively low 

temperature (< 100 ℃) during the whole reaction. 

 

 

Figure 2. The measurement of reactor temperature by infrared camera after reaction 

3.2 Catalyst Synthesis 

According to the relevant literature and PI’s previous research experiences on catalytic carbon 

source upgrading under methane environment 31-42, supported catalyst will be employed for this 

study, which is very different from the organometallic catalysts used in previous studies 5, 6. 

Compared to its counterpart, the supported catalyst will make itself much easier to be recovered 
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from upgraded oil after reaction. Zeolite type support such as ZSM-5, zeolite A, zeolite Y, and 

zeolite beta with various Si:Al ratios and proper surface modification of phosphorus, alkali or 

alkali earth, and rare earth metals or Metal-Organic Frameworks (MOFs) type support such as 

MIL-140A, UiO-66, and MIL-53(Al) after the aforementioned surface modification will provide 

moderate acidity to catalytically crack down the introduced heavy oil while effectively 

preventing excessive cracking and coke formation. Mo, Ga, Zn, Ag, In, Pd, Ir, Pt, or their 

combinations will provide a good starting point as the active metal loaded on the aforementioned 

support for methane activation under the facilitation of co-added Sn, W, Fe, Co, or Ni as 

promoter. These active metals and/or promoters can be introduced into the framework of the 

selected support for effectively preventing its agglomeration, thus benefiting its better dispersion 

during the upgrading reaction for achieving better catalytic performance.  

The commercial ammonium ZSM5 zeolite (CBV 8014) and HY zeolite (CBV 780) with Si/Al = 

80 were purchased from Zeolyst. Ammonium ZSM5 was calcined at 600 ºC for 5 h in air to 

attain CZSM5(HZSM5) power.  

UZSM5 zeolite support was prepared by hydrothermal synthesis. Al(NO3)3·9H2O (98%, Alfa 

Aesar) was added to Tetrapropylammonium hydroxide (TPAOH, 1.0 M, Sigma Aldrich) stirred 

at room temperature (RT) until a clear solution was obtained. Tetraethyl orthosilicate (TEOS, 

Merck KGaA) was then added dropwise to the above solution. Amounts were calculated to 

obtain a molar ratio of Al2O3: 80SiO2: 21TPAOH: 943H2O in the solution. The solution kept 

stirring at RT for 1h until the gel was obtained. The resulting supersaturated gel was transferred 

in an autoclave and held at 170 °C for 3 days. After cooling down to RT, the solid was recovered 

by centrifuge, dried at 90 °C for 12 h, ramped at 5 °C/min to 300 °C for 1 hour, then calcined in 

air at 600 ºC for 3h. The resultant powder was labeled as UZSM5. UZSM5 pellets and 

Pt/UZSM5 were prepared as described above.  

γ-Al2O3 (Alfa Aesar, 200 m2·g-1) and SiO2 (Alfa Aesar, 160 m2·g-1) catalyst supports were 

crushed into powder and screened with 100 mesh. The powder support (HZSM-5, UZSM-5, γ-

Al2O3, SiO2) was then mixed with LUDOX AM-30 colloidal silica, citric acid solution and 

methylcellulose with a mass ratio of 60powder catalyst: 4citric acid: 8H2O: 4methylcellulose: 

45AM-30 colloidal silica. Then, the mixture was extruded into pellet. The extruded catalyst was 

calcined at 600 ºC for 5 h in air. The resulting sample was manually cut into pellets with a 

diameter of 2 mm and 5-10 mm in length. 

Various metal species (Ag, Ga, Pt, Pd, Re, and Ir) were introduced on CZSM5 or UZSM5 via 

wet impregnation (WI). The precursors were AgNO3 (99.0+%, Sigma-Aldrich), Ga(NO3)3·xH2O 

(99.9%, Sigma-Aldrich), Pt(NH3)4(NO3)2 (≥50.0% Pt basis, Sigma-Aldrich), Pd(NO3)2·2H2O 

(~40% Pd basis, Sigma-Aldrich), ReCl3 (Sigma-Aldrich), IrCl3 (≥62% Ir, Alfa Aesar). WI was 

made by initially dissolving the corresponding amount (1wt.%) of precursor in 60.0 g deionized 

water, then 8.0 g pelleted CZSM5 was dispersed in the precursor solution and kept rotating (100 

rpm) for 2 hours at 60 ºC on rotary evaporator. After that, water was completely evaporated at 

60ºC. The wet catalyst was dried in the oven at 110 ºC overnight, followed by calcination at 

550ºC with a heating rate of 5 °C/min and a holding time of 3 h in ambient air. The resulting 

catalysts were then stored properly for later use. 

3.3 Characterization 

1H-NMR: 1H NMR was conducted at 9.4 T (υ0(1H) = 400.1 MHz) on a BRUKER AVANCE III 

400 spectrum equipped with a BBFO probe. 1H chemical shifts were referenced to CHCl3 at 7.28 



IOSI 2016-06, NTP assisted bitumen upgrading  Page 11 of 34 

Hua Song, (403) 220-3792, sonh@ucalgary.ca                July 20, 2020 

ppm. 1H NMR spectra was acquired at a spectral width of 12 kHz, a pulse delay of 2 s and 64 

scans per spectrum. The NMR samples were prepared by mixing 0.3 mL sample with 0.3 mL 

CDCl3. 

2H-NMR: The 2H NMR experiments were conducted at 9.4 T (υ0(2H) = 61.4 MHz) on a 

BRUKER AVANCE III 400 spectrum equipped with a BBFO probe. 2H-NMR spectrums were 

acquired at a spectral width of 2.5 kHz, a pulse delay of 2 s and 64 scans per spectra.  

13C-NMR: The 13C NMR experiments were conducted at 14.1 T (ν0(13C) = 150.9 MHz) on a 

BRUKER AVANCE Ⅲ 600 spectrometer using a zgpg30 pulse program. 13C NMR chemical 

shifts were referenced to CDCl3 at 77.23 ppm. A spectral width of 36 kHz and a recycle delay of 

2 s were used to acquire 10,000 scans per spectrum. The NMR samples in the tubes were 

prepared by mixing 0.50 mL sample with 0.10 mL CDCl3. 

XRD: The powder X-ray Diffraction (XRD) analysis of the catalysts was carried out on a 

Rigaku ULTIMA III X-ray diffractometer with a Cu Kα irradiation source at a voltage of 40 kV 

and current of 44 mA. All powder diffraction data were acquired between a 2θ of 3-60º, using 2º 

step/min. 

TGA: Thermographic Analysis (TGA) profiles were used to determine the coke formation and 

acquired with a simultaneous thermal analyzer (PerkinElmer STA 6000). The samples were held 

at 30 ºC for 1 min, then heated to 800 ºC at a rate of 20 ºC/min under 30 mL/min air flow.  

N2 Physisorption: N2 adsorption-desorption analysis of catalysts were carried out on ASAP 

2020 Plus surface area and porosimeter system (Micromeritics). The sample was first degassed at 

350 ℃ for 4 hours with a temperature ramping rate of 10 ℃ min-1 and a vacuum level of 10 

mmHg. Then the analysis was performed in liquid nitrogen to get a 56-point adsorption-

desorption isotherm. The total surface area was calculated by BET method and the total pore 

volume was calculated at 0.995 relative pressure. 

NH3-TPD: NH3-TPD experiments were conducted on the Finesorb-3010 Chemisorption 

Analyzer. Ammonia was selected as a probe due to its simplicity, small molecular size, and 

ability to titrate both strong and weak acid sites on the catalyst. Prior to measurements, ~200 mg 

of fresh sample was calcinated in He flow with 30 sccm at 600 °C for 30 min with a ramp rate of 

20 °C/min. The sample was then cooled to 120 °C for adsorption of ammonia, performed using a 

flow of 25 sccm of 10% NH3/He for 30 min. After flowing He for 10 min to remove any 

physically adsorbed NH3 at 120 ºC, TPD was carried out by ramping to 600 °C with at 

10 °C/min and a hold of 30 min under He flow with the rate of 25 sccm. A thermal conductivity 

detector (TCD) determined the amount of desorbed NH3. The acquired profiles were fitted and 

deconvoluted using Bigaussian. 

Pyridine absorption: DRIFT spectrum upon pyridine absorption was acquired with a Thermo-

Scientific-Nicolet iS50 equipped with an environmental chamber and a liquid-nitrogen cooled 

mercury–cadmium–telluride (MCT) detector. The gas inlet was connected to a bubbler for 

pyridine introduction via two three-way valves. Inlet gas (N2) could pass through the pyridine 

before entering the chamber. For conducting pyridine adsorption, the fresh catalyst was loaded in 

the environmental chamber with a 30 sccm N2 flow for 30 min before collecting background 

spectra at room temperature (25 ºC). The N2 flow was then sent into the aforementioned bubbler 

and carried pyridine vapor into the environmental chamber to conduct pyridine absorption for 20 

min. After that, N2 flow was switched back to bypass the bubbler. The spectrum was recorded in 

an absorbance mode upon stabilization for 20 min at room temperature. 
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ICP-OES: The loading amount of metal species on the catalyst is determined on an iCAP 7200 

ICP-OES Analyzer (Thermo Fisher Scientific). Samples were first thermally digested for 8 hours 

in an acid digestion vessel (Parr) using the mixed acids with a volumetric ratio of 1:3:1 for HNO3, 

HCl, and HF respectively at a temperature of 463.15 K. Samples were then diluted to an 

appropriate expected range (1-100 ppm) and analyzed using a PTFE HF resistant introduction 

system including a Mira Mist nebulizer. After careful calibration, the analysis was conducted 

with a pump speed of 40 rpm. The exposure time for UV and visible light are 15 and 5 seconds, 

respectively. The RF power is 1150 W, while the nebulizer gas flow and auxiliary gas flow are 

0.55 L/min and 0.5 L/min. 

XPS: XPS analysis of the sample was conducted using Kratos Axis spectrometer with 

monochromatized Al Kα (hυ = 1486.71 eV) radiation. The spectrometer was calibrated by the 

binding energy (84.0 eV) of Au 4f7/2 with reference to Fermi level. The pressure of analysis 

chamber during the experiment was maintained at lower than 5 × 10–10 Torr. The core-level 

spectra were collected on a hemispherical electron-energy analyzer working at the pass energy of 

20 eV, whereas the survey spectrum ranging from 0 to 1200 eV was acquired at analyzer pass 

energy of 160 eV. The binding energy was calibrated by using C 1s peak at 284.8 eV as a 

reference. Peak deconvolution of C 1s was conducted using Casa XPS software.  

HR-TEM: High Resolution Transmission Electron Microscopy (HR-TEM) was performed on 

FEI Talos F200X, a high-resolution scanning/ transmission electron microscope (STEM) 

operated between 80 and 200KV and equipped with HAADF (high angle annular dark field) 

detector for Z contrast imaging and SuperX EDS detector for compositional analysis. 

XANES: XANES measurement was conducted at BL44A of Taiwan Photon Source. The sample 

was pressed to a pellet with a thickness of 1 mm and placed in the sample holder. The spectrum 

was acquired in transmission mode. 240 spectra were collected and averaged for each sample. 

XAFS data analysis was processed following the standard procedure using an IFFEFIT software 

package. Briefly, in the pre-edge region, the spectrum was fitted to a straight line, and the post-

edge background was fitted with a cubic spline. The EXAFS function, χ, was obtained by 

subtracting the post-edge background from the overall absorption and then normalizing with 

respect to the edge jump step.  

3.4 Bitumen Model Compounds Study 

Methylnaphthalene (MN, C11H10) was selected as the model compound for investigations on 

NTP assisted catalytic bitumen partial upgrading. The reactions were conducted by flowing 

methane, argon and methylnaphthalene in DBD reactor. Total gas flow rate is 60 sccm (30 sccm 

CH4 or N2 + 30 sccm Ar). The methylnaphthalene was flowed into reactor in liquid state with a 

flow rate of 0.05 ml/min. 3 g catalyst (5%Zn/HY or SiO2) was loaded in the reactor. The reactor 

was heated up to 400 ºC. 

Cyclohexane (C6H12), Toluene (C7H8), Dodecane (C12H26), and Decene (C10H20) are chosen as 

the model compounds to represent naphthenes, monoaromatics, paraffins, and olefins that 

present in the heavy oil or bitumen. Total gas flow rate is 70 sccm (20 sccm CH4 + 50 sccm Ar). 

The gas mixture was flowed through a bubbler filled with liquid reactants. The bubbler was 

heated up to the temperature that the saturation pressure of liquid reactants is around 0.1 bar. 6 g 

5%Zn/HY was loaded in the reactor.  

The gas products were analyzed by a four-channel micro-GC (Agilent 490) equipped with a 

thermal conductivity detector. The first channel equipped with a 10 m molecular sieve 5A 
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column, which can accurately analyze H2, O2, CH4, and CO. CO2, C2H2, C2H4, and C2H6 are 

analyzed in the second channel with a 10 m PPU column. C3-C6 and C3=-C6= hydrocarbons are 

determined in the third and fourth channels charged with a 10 m alumina column and an 8 m CP-

Sil 5 CB column, respectively. Ar is the carrier gases for the first channel and H2 is used as the 

carrier gas for the other three channels. The composition of gas products determined by micro-

GC was used to calculate the conversion of gas reactants as well as the yield of gas products 

based on the ideal gas law. The change of the gas flow rate before and after the reaction was 

measured using a soap-film flowmeter.  

A chiller (-15 ºC) was used to cool the condenser and trap the liquid products. 10 ml of carbon 

disulfide (99.9%, Sigma-Aldrich) was added to wash the liquid products out from the condenser. 

The composition of liquid products was analyzed by the pre-calibrated Gas Chromatography-

Mass Spectrometer (GC–MS: PerkinElmer GC Claus 680 and MS Clarus SQ 8T) equipped with 

a Paraffins-Olefins-Naphthenes-Aromatics (PONA) column (Agilent HP-PONA). The oven 

temperature of GC was set to hold at 40 ºC for 1 min, rise to 110 ºC at 5 ºC /min, ramp to 200 ºC 

at 10 ºC /min and hold for 5 min. A split ratio of 20 was used for the GC-MS analysis. The mass 

detector was set to scan the m/z range from 10 to 400. Identification of the compounds was 

achieved by comparing the mass spectra obtained with those in the system’s database (NIST). 

The conversion of CH4 and methylnaphthalene (MN) is defined as: 

 CH4 conversion (%) =  (1 −
methane flow rate in gas after reaction

methane flow rate in gas fed
×100) 

 Model compound conversion (%) =  (1 −
mass of model compound in liquid after reaction

mass of fed model compound
×100) 

The yield, selectivity and mass balance were calculated based on following equations: 

 Yield (wt. %) =  
mass of each product

mass of fed MN
×100 

 Selectivity (C mol%) =  
mole of carbon in a component in liquid product

total moles of carbon in liquid product
×100 

 Mass balance (%) =  
total mass of coke, gas and liquid after reaction

total mass of methane and MN before reaction
×100 

 

3.5 Plasma-catalytic Conversion of Biogas to Liquid Chemicals 

The reaction was performed by flowing methane (99.99%, Praxair) and carbon dioxide (99.9%, 

Praxair) diluted by Argon (99.999%, Praxair) in DBD reactor. The flow rates of CH4, CO2 and 

Ar are controlled by mass flow controllers and set to be 10, 10, and 50 sccm, respectively. 

The conversion of CH4 and CO2 is defined as: 

 CH4 conversion (%) =  
moles of CH4 converted

moles of CH4 feed
×100 

 CO2 conversion (%) =  
moles of CO2 converted

moles of CO2 feed
×100 

The energy efficiency (EE) for the conversion of CH4 and CO2 is calculated by:  

 EE (mmol/kJ) = 
moles of CH4 converted (mmol/𝑚𝑖𝑛)+moles of CO2 converted (mmol/𝑚𝑖𝑛)

input power (kJ/min)
 

The yields of gas (CO, CxHy) and liquid products were calculated based on carbon atoms: 
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 H2 yield (𝑌𝐻2
, %) = 

moles of 𝐻2 produced 

2×moles of 𝐶𝐻4 converted
×100 

 CO yield (𝑌𝐶𝑂, %) = 
moles of CO produced 

moles of 𝐶𝐻4 converted + moles of CO2 converted
×100 

 CxHy yield (𝑌𝐶𝑥𝐻𝑦
, %) =   

∑ 𝑥× moles of CxHy species produced𝑥  (𝑥=2,3,4) 

moles of 𝐶𝐻4 converted + moles of CO2 converted
×100  

The total yield of liquid products (𝑌𝐿 , %) = 100% - (𝑌𝐶𝑂 + 𝑌𝐶𝑥𝐻𝑦
) - coke determined by TGA. 

3.6 Plasma Assisted Natural Gas Utilization 

The reactions were performed with methane, propane and argon. Methane with a purity of 99.99 

% (provided by Praxair) and propane with a purity of 99.5% (provided by Praxair) were 

employed as the reactants. Argon with a purity of 99.999% (provided by Praxair) was added into 

reactant to assist plasma generation. The flow rates of CH4, C3H8 and Ar were 10, 10 and 50 

sccm. The flow rates ratio between CH4 and C3H8 may change for reaction condition 

optimization with a total flow rate of 20 sccm. 

Except Ti/UZSM-5 and Ti-Ga/UZSM-5, the preparation method of other catalysts was 

introduced previously. Ti-Ga/UZSM-5 was prepared via the sol-gel method described by 

Kanakaraju et al, 102 followed by WI. Typically, certain amount of Titanium (IV) isopropoxide 

(97%, Sigma-Aldrich) was added dropwise into 100 ml absolute ethanol. The mixture was 

stirring at 240 rpm for 2 h until the white sol was formed. Then, concentrated HNO3 was added 

dropwise until the white precipitate disappeared and a transparent sol formed. The transparent sol 

was stirring continuously for another 6 h at room temperature to give a transparent yellow sol. 

UZSM-5 powder was then added into the sol and stirred until a gel was formed. Subsequently, it 

was oven-dried at 110 °C for 8 h and ground into powder. The prepared Ti/UZSM-5 sample was 

calcined at 600 °C for 6 h in air. Following the extrusion, certain amount of Ga (1 wt %) was 

loaded by WI as described above. 

To study the effect of UV, the control experiments with external UV source were conducted. 3 

UV lamps (Philips, 55 W, 2G11 Base) were evenly installed around the NTP reactor. The 

distance between the UV lamps and the NTP reactor is around 10 cm. UV lamps is turned on as 

soon as the reaction starts. 

The light emitted from the non-thermal plasma was monitored with a UV/Vis spectrometer 

(AvaSpec-Uls4096CL-EVO). The slit width of the spectrometer is 10 μm, while the grating was 

set at 300 lines/mm and the resolution is around 0.6 nm. As presented in Figure 3, the spectrum 

shows a strong peak at 431 nm is in the range of purple light, which is agreed with the color of 

non-thermal plasma in this study. There also are few peaks at 336, 358 and 388 nm in the range 

of UVA light and a peak at 309 nm attributed to UVB light. These results confirmed the 

generation of UV light from the non-thermal plasma. 
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Figure 3. UV/Vis spectrometer spectrum of light emitted from non-thermal plasma 

The isotope labelling reactions between propane (99.5%, Praxair) and 13CH4 (99.9% 13C, 

Cambridge Isotope Laboratories, Inc.), CD4 (99% 2D, Cambridge Isotope Laboratories, Inc.) or 

CH4 (99.99 %, Praxair) were conducted in a similar manner when 6 g catalyst was charged. The 

flow rate of CH4 (or 13CH4/CD4), C3H8 and Ar were 8, 2 and 25 sccm, respectively. 

The conversion of methane and propane was calculated by: 

 CH4 conversion (%)= (1-
moles of CH4 in the gas outlet

moles of CH4 in the feed
)×100 

 C3H8 conversion (%)= (1-
moles of C3H8 in the gas outlet

moles of C3H8 in the feed
)×100 

The yield of hydrogen was defined as: 

 H2 Yield (%)=
moles of H2 produced

2 × moles of CH4 converted+ 4 × moles of C3H8 converted 
×100 

The yield of hydrocarbon in gas products (Ygi) was given by: 

 Ygi (C %)=
i ×moles of Ci produced

moles of CH4 converted+ 3 × moles of C3H8 converted 
×100 (i = 1 ~ 5) 

The yield of total gas products (YG, C %) was calculated by: 

 YG(C %)= ∑ Ygi
5
i=1  

The coke yield (YC, C %) was determined by TGA profiles. 

The yield of liquid product ((YL, C %)) was defined as:  YL(C %) = 100 – YG – YC 

The mole concentration of each hydrocarbon in liquid products (yli, mole %) was determined by 

GC-MS results. 
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The yield of each hydrocarbon in liquid products (Ylj) was given by: 

 Ylj (C %)=YL×
ylj × j

∑  (yli × i)12
i=6  

 

The energy efficiency (EE) was defined as: 

 EE (
mmol

kJ
) =

mmoles of (CH4 converted + C3H8 converted) per second

Pinput (W)
×1000 

3.7 Plasma Assisted Liquefied Petroleum Gas Conversion 

In a typical run, 6.0 g pelleted catalyst was packed in DBD reactor, and then a mixture of C3H8 

(99.5%, Praxair), n-C4H10 (99.5%, Praxair) with Ar (99.999%, Praxair) were introduced into the 

reactor. Ar is used as the balanced gas because Ar can facilitate the plasma generation without 

participation into the reaction. The flow rates of C3H8, n-C4H10 and Ar were controlled by mass 

flow controllers and set to be 5, 5, and 40 sccm, respectively. All the experiments were 

conducted at ca. 9.25 kV peak to peak at load with a constant frequency of 17 kHz at room 

temperature with 40 min of reaction time. The plasma discharge power was 24-27 W. 

Except Ti/UZSM-5 and Ti-Ga/UZSM-5, the preparation method of other catalysts was 

introduced previously. The catalyst Ti/UZSM-5 was prepared by chemical vapor deposition 

described by Zhang. 103 6.0 g pelleted UZSM-5 was put into the quartz reactor and dehydrated in 

the dry nitrogen at 473 K for 3 h. Then the temperature was set to 873 K. when the temperature 

stabilized, chemical vapor deposition was initiated by switching Tetrabutyltitanate (Sigma-

Aldrich, 97%, TBOT) as Ti precursor with a carrier gas flow rate of 200 ml/min and the 

precursor temperature was 333 K. TBOT was transported into the reactor where it decomposed 

and TiO2 particles formed. After 3 h of deposition at 873 K, the reactor was purged by nitrogen 

gas for 1 h. The Ti-Ga/UZSM-5 was prepared by chemical vapor deposition described above 

using pelleted Ga/UZSM-5 as the starting material. 

The conversion of light hydrocarbon (CnH2n+2, n=1, 2, 3, 4) was calculated by: 

 C𝑛H2𝑛+2 conversion (%) = 
moles of C𝑛H2𝑛+2 converted

moles of C𝑛H2𝑛+2 fed
×100 

The yield of hydrocarbons (Ci) in gas products (Yi) was given by: 

 Yi (C %)=
i ×moles of Ci produced

∑ n ×moles of C𝑛H2𝑛+2 converted4
𝑛=1

×100 (i = 1, 2, 3, 4, 5) 

The yield of total gas products (YG, C %) was calculated by: 

 YG(C %)= ∑ 𝑌𝑖
5
𝑖=1  

The coke yield (YC, C %) was determined by TGA profiles, in which the coke was calculated by 

weight loss from 300 to 700 °C assuming coke is composed of pure carbon. 

The yield of liquid product (YL, C %) was defined as:  YL(C %) = 100 - YG - YC 

 

4 RESULTS AND DISCUSSION 

4.1 Bitumen Model Compound Study 
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4.1.1 NTP assisted catalytic upgrading of MN under methane 

The results shown in Table 1 indicate that methane could slightly improve MN conversion and 
the yield of monoaromatics, while plasma presence could favor methane conversion, MN 
conversion, and the yield of monoaromatics. The catalyst with acidity could significantly 
promote MN conversion and the formation of monoaromatics, however, leading to severe coke 
formation. Decreasing the flow rate of MN could benefit the formation of monoaromatics with 
less coke. Higher selectivity of monoaromatics is observed when using HZSM5 catalyst instead 
of HY, probably due to the shape selectivity.  

Table 1. Performance of NTP catalytic upgrading of MN under various reaction conditions 

Reaction 

conditions  

Catalyst 5%Zn/HY 5%Zn/HY 5%Zn/HY SiO2 5%Zn/HY 5%Zn/HY 5%Zn/HZSM-5 

WHSV (h-1) 1 1 1 1 0.6 0.5 1 

Plasma On On Off On On On On 

CH4 conversion (%) 4.6 N/A 0.1 0.4 4.6 5.1 1.1 

MN conversion (%) 61.3 57.9 49.4 1.7 61.3 68.9 71.7 

Mass balance (%) 102.8 100.7 98.3 100.6 102.8 97.7 99.4 

 Yield (wt.%) 

Gas 0.8 0.8 0.3 0.1 1.7 1.6 1.0 

Coke 25.5 24.8 17.7 0.4 17.9 36.6 2.4 

Liquid 79.6 77.5 79.8 100.6 76.4 60.6 92.2 

 Liquid Product Selectivity (C %) 

Mono aromatics 0.4 0.2 0.3 2.8 1.8 0.7 2.9 

Naphthalene 49.6 58.8 43.6 38.1 39.1 55.1 36.4 

Alkyl naphthalene 50.0 41.0 56.1 59.1 59.1 44.2 60.7 

4.1.2  NTP assisted catalytic upgrading of other heavy oil model compound 

Cyclohexane (C6H12), Toluene (C7H8), Dodecane (C12H26), and Decene (C10H20) are chosen as 
the model compounds to represent naphthenes, monoaromatics, paraffins, and olefins that 
present in the heavy oil. The results listed in Table 2 suggest that the ring including cycloalkane 
ring and aromatic ring is difficult to be opened under NTP conditions, and the major reaction is 
ring alkylation for the conversion of cyclohexane or toluene while cracking, C-C coupling, and 
hydrogenation are the dominant reactions for the conversion of dodecane or decene. 

Table 2. Plasma-catalytic conversion of heavy oil model compounds 

Model Compound (MC) Cyclohexane Toluene Dodecane Decene 

CH4 conversion (%) 4.6 8.3 27.7 27.5 

MC conversion (%) 61.3 12.1 5.9 100 
 Yield (C %) 

Gas 19.3 10.1 45.3 30.9 

Liquid 57.2 6.7 40.6 60.6 

Coke 26.7 87.9 23.8 16.6 
 Reaction Selectivity (based on liquid product) (C %) 

Ring opening 1 0 0 0 

Ring extension 

 

7 34 0 0 

Isomerization 

 

9 0 13 0 

Demethylation 

C-C coupling 

0 16 0 0 
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Cracking 0 0 55 65 

C-C coupling 83 44 32 17 

Hydrogenation 0 6 0 18 

4.1.3  Conclusion 

The investigations of various model compounds show that NTP technology may not apply to 

directly upgrading of heavy oil with high boiling point, because NTP technology is quite 

effective for gas phase reaction but much less effective for liquid phase reaction. Interestingly, 

the complete conversion of olefin is achieved at atmospheric pressure and low temperature under 

the facilitation of NTP, which could be potentially used for olefin reduction of bitumen. It is 

observed that the obtained liquid products contain much more isomeric paraffins than olefins, 

and NTP reaction favors carbon chain extension via C-C coupling when using light 

hydrocarbons (C1-C4) as the reactant. 

4.2 Plasma-catalytic Conversion of Biogas to Liquid Chemicals 

Biogas is a promising renewable energy source consisting of methane (55-65%) and carbon 

dioxide (35-45%) produced from the anaerobic digestion of biomass, landfill, and wastewater 

treatment. The results in Table 3 show that the formation of liquid products is observed when 

packing a catalyst with acidity under NTP mode. When combining NTP and UZSM-5 catalyst, 

the conversion of CH4 and CO2 is 23.9 % and 13.7 %, respectively, and 59 % yield of liquid 

products with limited carbon deposition (5.1%) is achieved. H2 and CO are the major gas 

products detected by micro GC, and the collected liquid products are C1-C3 oxygenates including 

formaldehyde (HCHO), methanol (CH3OH), ethanol (C2H5OH), and acetone (CH3COCH3) as 

confirmed by GC-MS and 1H NMR in Figure 3. The reforming of biogas to liquid chemicals in 

the presence of a plasma is likely to occur via radical chain mechanism, where, CO, CH3, and 

OH radicals are considered to be the key species during the plasma-catalytic CH4/CO2 

conversion. 104 In a plasma environment, the gas reactant is vibrationally and electronically 

excited by electron impact reactions and dissociated into CO and O radicals. The electron impact 

dissociation of CH4 and CO2 generates H, CO, O, OH and CHx (x=1-3). The recombination of 

radical forms gas and liquid products. The alteration in plasma discharge behavior by placing the 

catalyst in DBD, which has been characterized as a shift from gas microdischarges to surface 

discharges and weaker microdischarges,105 may effectively inhibit the direct dissociation of CHx 

to form carbonaceous species. 

Moreover, the porous structure of the catalyst could offer higher specific surface area for the 
radical reactions, thus enhancing liquid yield. 

Table 3. The effect of operating modes and various support on the plasma-catalytic conversion 

of biogas 

 Catalyst only Plasma only 
Plasma + Catalyst 

CZSM-5 γ-Al2O3 SiO2 UZSM-5 

CH4 

conversion 

(%) 

0 25.4 24.2 19.4 17.0 23.9 

CO2 

conversion 

(%) 

0 14.7 15.3 10.7 10.9 13.7 

H2 yield 

(%) 

0 40.8 38.9 50.3 49.4 38.4 
 Yield (C %)  

CO 0.0 22.9 18.4 21.1 26.5 20.5 

CxHy 0.0 19.4 12.3 21.2 24.5 15.7 
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Liquid 

products 

0.0 0.0 34.4 25.8 0.0 59.0 

Coke 0.0 57.7 34.9 31.9 49.0 5.1 

 

 

Figure 4. GC-MS(a) and 1H NMR (b) analyses of the liquid products 

Modification of supports (CZSM-5 and UZSM-5) with metal species (Ag, Pt, Pd, Re, and Ir) is 

conducted to further improve the liquid yield. Based on the results (not shown), the addition of 

Ag, Re or Ir on CZSM-5 decreases the conversion of CH4 and CO2, and slightly enhances the gas 

yield. However, there is little effect on the formation of liquid products and coke reduction. Pd 

loading on CZSM-5 results in higher yield of gas products (especially, CO yield increased by 

9.3%) and lower coke formation (reduced by 18.6%) but has limited promotion effect on the 

liquid yield (increased by 5.5%). The highest liquid yield (60.7%) with the lowest coke 

formation (9.3%) is achieved when Pt is introduced on CZSM-5, and the coke formation is 

further reduced to 5.1 % when Pt is loaded on UZSM-5. Therefore, Pt/UZSM-5 shows the best 

plasma-catalytic performance among these catalysts. 

Acidity characterization with NH3-TPD (not shown) suggest that the number of acidic sites may 

be not a determining factor for the reaction performance. The acidity feature has little effect on 

the conversion of CH4 and CO2, probably due to both are exclusively plasma-activated at such a 

low reaction temperature. However, the acidity feature greatly affects the formation of liquid and 

coke products. No acidic site (SiO2) or higher ratio of medium and/or strong acidic sites (>30%, 

e.g. γ-Al2O3, CZSM-5, Ag/CZSM-5, Re/CZSM5) would lead to more coke formation (30~50%) 

with 25~35% of liquid yield. Less coke (<20%) and more liquid products (40~60%) are observed 

over the catalysts with higher ratio of weak acidic sites (>70%, e.g. Pt/CZSM-5, Pd/CZSM-5). 

The presence of acidic sites is necessary, which could promote the stabilization of the 

oxygenated intermediates (e.g. CO, CH3CO radicals) to form more liquid products. However, the 

strong interaction between strong/medium acidic sites and the intermediates could trap the 

formed products on the catalyst surface, suffering further attack from the plasma to form 

carbonaceous species as the final products. Pt loading on UZSM-5 leads to the disappearance of 

medium acidic sites of UZSM-5, which further reduces the coke formation to 5.1% and increases 

the liquid yield by 7.8%. Therefore, higher ratio of weak acidic sites and Pt active sites benefit 

the formation of active carbonaceous species, thus reduces the coke formation.  
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In summary, our work demonstrates the direct plasma-catalytic conversion of biogas to valuable 

liquid chemicals with limited coke formation at low temperature and ambient pressure. 

Combining NTP with the catalyst enhances the formation of liquid products whilst significantly 

inhibiting coke formation. High liquid yield with low carbon deposition is achieved over a 

unique Pt/UZSM5 catalyst. The total yield of liquid chemicals reaches approximately 60%, with 

the composition of formaldehyde, methanol, ethanol, and acetone. Coke formation is limited to 

5.1%. The liquid yield and coke formation can be controlled by the modification of acidic 

properties and Pt species. High ratio of weak acidic sites benefits the formation of liquid 

chemicals and coke reduction. These findings suggest that the combination of NTP and 

heterogeneous catalysis has the great potential to produce renewable oxygenates from the biogas 

conversion with limited carbon deposition. This work is published on the journal of Energy 

Conversion and Management. 

4.3 Plasma Assisted Natural Gas Utilization 

Natural gas is an abundant, cheap and underutilized natural resource with increasing proved 

reserves as well as an agricultural by-product. A simulated natural gas, methane and propane, is 

used to investigate the feasibility of the conversion of natural gas into valuable liquid chemicals 

via NTP technology. NTP catalytic conversion of methane and propane produces various C6-C9 

alkane compounds as the liquid products, H2, C2H6, and C3H6 as the major gas products with a 

small amount of C2H4, C2H2, C4-C5 hydrocarbons, and coke. Moreover, GC-MS analysis also 

shows that the liquid products consists of C6-C9 alkanes with a predominantly branched 

structure, which could be potentially used as gasoline or high-value aviation fuel for aircrafts.106  

The reaction performance suggests that similar conversion of methane or propane are observed 

over different supports (SiO2, γ-Al2O3, HZSM-5, UZSM-5) and supported various metal (Ag, 

Ga, Pd, Pt) modified UZSM-5 catalysts. This is understandable because methane and propane are 

exclusively activated by plasma at such low reaction temperature. It is worth noting that methane 

conversion (1.3-4.1%) is much lower than propane conversion (26.9- 36.4%), which is attributed 

to the higher bond dissociation energy of C-H in methane (439.3 kJ/mol), compared to that of C-

H (422.2 kJ/mol, 410.5 kJ/mol) or C-C (370.3 kJ/mol) in propane.107 However, the product 

distribution varies heavily depending on the charged support. There is no detectable liquid 

product over SiO2 or γ-Al2O3, while more than 30 C% yield of liquid products is obtained over 

bare zeolite such as HZSM-5, UZSM-5. This result suggests that the support’s acidity and 

morphology may be critical for the formation of hydrocarbons with high carbon number (C6-C9). 

Moreover, the coke yield is significantly reduced over HZSM-5 (30.7 C%), compare to that over 

SiO2 (44.1 C%) or γ-Al2O3 (50.2 C%). Coke formation is further inhibited over UZSM-5 (9.7 

C% coke yield) with uniform cylindrical shape. Coke formation can be further suppressed by 

modification with metal species (Ag, Ga, Pd, Pt). Compared to UZSM-5, the addition of Ga 

addition reduces the yield of both coke and gas products, thus, promotes the formation of liquid 

products (increased by 10.5 C%). Ga/UZSM-5 is thus selected as the preferred catalyst for 

further investigations. Ultraviolet radiation can be self-generated by non-thermal dielectric 

barrier discharge plasma,108 which drives us to integrate plasma activation and photocatalysis for 

natural gas conversion. Ga/UZSM-5 modification with TiO2 (a widely used as the photocatalyst 

material) is synthesized as the photocatalyst to further enhance the performance on the 

conversion of simulated natural gas. Compared to Ga/UZSM-5, methane conversion and coke 

yield over Ti-Ga/UZSM-5 are quite similar, however, higher propane conversion (increased by 

11.2 %) and more C6-C9 hydrocarbons (the yield boosted from 37.9 C% to 58.4 C%) are 
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obtained. A plausible explanation could be that the photocatalyst Ti-Ga/UZSM-5 notably 

enhances the energy utilization efficiency through incorporation of the energy present in the co-

existing UV/visible light formed during plasma generation. In other words, more input energy is 

utilized for reactants conversion, particularly for propane conversion since propane is much 

easier to be activated compared to methane due to the aforementioned lower molecular activation 

energy. Higher propane conversion would provide more C1-C3 radicals for the formation of C6-

C9 hydrocarbons. As a result, more liquid products are formed over Ti-Ga/UZSM-5. 

The roles of plasma and a catalyst played in the co-conversion of methane and propane are 

verified by conducting equivalent reactions with/without plasma or a catalyst. As shown in 

Table 4, it is expected that there is no reaction without plasma as evidenced by no conversion of 

methane or propane in the catalyst only mode. When plasma is applied, approximately 0.125 

mmol methane and/or propane molecules per kilojoules are converted regardless of the catalyst 

under stable conditions. This supports the previous hypothesis that methane and propane are 

exclusively activated by plasma. For the test without a catalyst, SiO2 is placed in the reactor as 

the inert material to reduce the effect of mass or heat transfer on the reaction. No liquid products 

collected in the plasma-only mode implies that the catalyst with an appropriate acidity is 

essential for C-C coupling reaction to form hydrocarbons with longer chain or more branches. 

The presence of propane in methane offers more C1-C3 radicals to terminate the further cleavage 

of methyl radicals from methane, therefore, more branched hydrocarbons are formed as 

evidenced by a higher yield of C7-C8 hydrocarbons with less coke.  

Isotope labeled CH4 (13CH4 and CD4) is employed to elucidate the evolution of C and H of 

methane in the reaction. As shown in Figure 5, compared to 13C signal from the non-isotopic 

labeled counterpart (CH4 + C3H8), 13C signal acquired from the 13CH4 run (13CH4 + C3H8) is 

significantly enhanced (the peak area with respect to CDCl3 reference increases from 0.3 to 

11.0), which strongly supports methane incorporation into the final products. This is highly 

consistent with the observation in 2H-NMR spectra as shown in Figure 5b, where there is a 

broad deuterium peak (0- 2 ppm) which can be deconvoluted into 3 peaks at 0.9, 1.3, and 1.6 

ppm, corresponding to -CD3, -CD2 and -CD, respectively. 

Table 4. The reaction performance of methane and propane conversion over different reaction 

conditions 

Reaction Condition CH4 + C3H8 
a Pure CH4

 b Pure C3H8 c Catalyst onlyd Plasma only e 

Conversion (%) 
CH4 3.3 23.7 0.0 0.0 2.4 

C3H8 36.4 0.0 23.5 0.0 34.6 

Yield of H2 (%) 23.6 48.1 19.2 0.0 25.1 

Gas product  

yield (C %) 

C1 0.0 0.0 10.3 0.0 0.0 

C2 25.9 51.9 28.8 0.0 24.4 

C3 13.7 17.1 16.7 0.0 16.7 

C4 8.4 4.8 7.4 0.0 11.0 

C5 3.2 1.4 3.9 0.0 3.8 

Sum 51.3 75.3 67.1 0.0 55.9 

Liquid product 

yield (C %) 

C6 15.9 0.7 15.1 0.0 0.0 

C7 15.3 1.9 8.5 0.0 0.0 

C8 10.2 0.9 6.0 0.0 0.0 

C9 2.6 0.0 2.3 0.0 0.0 
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≥C10 0.0 0.0 0.0 0.0 0.0 

Sum 43.4 3.5 28.9 0.0 0.0 

Coke yield (C %) 5.3 21.2 4.1 0.00 44.1 

EE (mmol/kJ) 0.115 0.139 0.137 0.00 0.108 

(Reaction conditions: 50 sccm Ar as the carrier gas, discharge power 24-27 W, catalyst or SiO2 ca. 6 g; a: 10 sccm CH4, 10 sccm 

C3H8, plasma, Ga/UZSM-5; b: 20 sccm CH4, plasma, Ga/UZSM-5; c: 20 sccm C3H8, plasma, Ga/UZSM-5; d: 10 sccm CH4, 10 

sccm C3H8, no plasma, Ga/UZSM-5; e: 10 sccm CH4, 10 sccm C3H8, plasma, SiO2.) 

This study highlights the synergy of plasma activation and photocatalysis in the upgrading of 

simulated natural gas. We demonstrate an efficient protocol for non-thermal plasma assisted 

photo-catalytic conversion of natural gas, which is cheap, abundant and naturally available, to 

gasoline range chemicals at ambient conditions, thus greatly reducing the heavy dependence on 

finite other fossil fuels such as oil and coal. The herein formed liquid chemicals are C6-C9 

alkanes with predominantly isomeric structures, which could be potentially used for high-value 

aviation fuel. Over 58.4 C% total yield of gasoline products with limited coke formation (6.3 

C%) can be achieved by coupling plasma and photocatalysis. The results from isotope labeling 

experiments clearly show that methane tends to be incorporated into 1-C or 2-C of formed alkane 

as a terminal group. To conclude, this work offers the opportunities of merging non-thermal 

plasma and photocatalysis, providing an environmentally superior option to meet rapidly 

growing energy demands. 

 

Figure 5. Isotope labeling investigations on the conversion of methane and propane. 
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4.4 Plasma Assisted Liquefied Petroleum Gas Conversion 

Liquefied petroleum gas (LPG) is a cheap resource that is mainly used as fuel in heating 

appliances, cooking equipment, and vehicles. GC-MS analysis shows that NTP reaction with 

LPG generates C6-C10 iso-alkanes as the major liquid products, and H2, methane and C2 

hydrocarbons as the main gas products. It is observed from the experimental results (Table 5) 

that the conversion of propane is higher than that of butane. One explanation could be due to the 

recombination of C2 radicals to form butane which decreases the conversion of butane. More gas 

products over SiO2 suggest that packing catalyst and acidity could be beneficial for the formation 

of liquid products. Less coke formation is obtained over UZSM-5, however, more gas products is 

produced. More importantly, the liquid products over UZSM-5 exclusively contain C6-C8 

alkanes with a small number of olefins. The distribution of liquid products over three metal (Ga, 

Pt, Ti) modified catalysts is similar, which shows high selectivity of C6-C9 iso-alkanes. However, 

higher yield of liquid products is obtained over Ga/UZSM-5, while lower yield is observed over 

Pt/UZSM-5 and Ti/UZSM-5. Theoretically, more methane and C2 hydrocarbons will results in 

less H2 yield, and more liquid products (>=C6) or coke will generate more H2. Ga introducing 

may convert more C2 hydrocarbon to liquid products, thus producing more liquid products. Pt or 

Ti loading generates more C2 hydrocarbons with less H2, thus leading to less liquid products. 

When co-loading Ga and Ti on UZSM-5, it is observed that the conversions of both propane and 

butane increase and the liquid yield is also improved. This is due to higher energy utilization 

efficiency by Ti addition which could absorb the UV/visible light generated by DBD plasma, 

therefore, the co-loading of Ga and Ti could further decrease the formation of C2 gas species, 

thus resulting in more liquid products. 

Table 5. Non-thermal plasma catalytic performance on the conversion of propane and butane to 

liquid chemicals over various catalysts 

Catalyst SiO2 HZSM-5 UZSM-5 Ga/UZSM-5 Pt/UZSM-5 
Ti/ 

UZSM-5 

Ti-Ga/ 

UZSM-5 

Conv. 

(%) 

C3H8 27.3 28.7 28.1 27.9 28.3 28.1 33.3 

n-C4H10 9.2 8.9 9.2 9.3 9.5 8.3 10.1 

 The yield of products (C %) 

Gas 

CH4 15.1 14.5 15.1 16.0 17.3 15.8 9.6 

C2H6, C2H4 51.1 25.9 44.3 34.5 48.7 47.4 32.9 

n-C5H12 3.8 6.0 4.6 4.6 4.5 5.6 4.2 

Sum 70.0 46.5 64.1 55.1 70.4 68.8 46.7 

Liquid 6.8 18.9 26.2 39.8 23.9 20.0 47.8 

Coke 23.2 34.6 9.8 5.1 5.7 11.2 5.5 

 The composition of liquid product (C %) 

C6 N/A 28.5 25.8 34.5 25.2 33.1 40.2 

C7 N/A 27.2 38.8 41.8 37.3 39.7 37.5 

C8 N/A 18.0 25.0 18.6 21.1 21.7 18.1 

C9 N/A 10.0 10.4 5.1 7.5 5.5 4.2 

≥C10 N/A 16.3 0.0 0.0 8.9 0.0 0.0 

(Reaction conditions: 50 sccm of gas mixture (10% C3H8, 10% n-C4H10, 80% Ar), 40 min, discharge power 24-27 

W, ca. 6 g catalyst.) 
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5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Most of the original objectives in the proposal have been reached by the end of this project. 

Catalytic assisted DBD reactor has been developed and tested for both gas and gas-liquid 

reactions, and optimal conditions for safe plasma generation has been established. The 

investigations on various model compounds including MN, cyclohexane, toluene and indicate 

that both cycloalkane and aromatic rings are difficult to open, and ring alkylation is the major 

reaction under the plasma conditions. The reactions with dodecane and decene imply that 

cracking, C-C coupling, and hydrogenation are the dominant reactions. Our observations suggest 

liquid substrate is hardly activated by plasma, and NTP technology is very effective for gas 

phase reaction, carbon chain extension, and olefin reduction. More research effort has been 

focused on the gas phase reaction, such as the conversion of light hydrocarbons (biogas, natural 

gas, LPG) to valuable liquid chemicals. One unique photocatalyst Ti-Ga/UZSM5 are developed. 

This catalyst could utilize the UV/Visible light generated from plasma, thus significantly 

increase the conversion, improve the liquid yield, and control the coke formation.  

The achievements of this project demonstrate that NTP technology is effective for hydrogenation 

of double bond (C=C) and carbon chain extension by C-C coupling. Biogas (CH4 and CO2) is 

primarily used to produce syngas via dry reforming reaction, and light hydrocarbons (C1-C4) are 

mainly used as a source of energy for residential heating, cooking, and power generation. Under 

the facilitate of NTP technology, biogas can be converted to more valuable liquid chemicals such 

as formaldehyde, methanol, ethanol, and acetone rather than syngas; light hydrocarbons such as 

natural gas and LPG can be transformed to C6-C9 branched-chain alkanes at low temperature and 

atmospheric pressure. More importantly, coke formation is well controlled by incorporating a 

catalyst unique photocatalyst, and coke yield is much lower than that has been previously 

reported by other researchers. The coupling plasma and photocatalysis could significantly 

improve the conversion of the reactant and the yield of liquid products. The investigations on 

reaction mechanism using isotope labeling molecules clearly show that methane tends to be 

incorporated into 1-C or 2-C of alkane as a terminal group. These findings provide an 

environmentally superior option to meet rapidly growing energy demands.  

NTP technology shows great potential to produce high-quality gasoline range chemicals from 

light paraffins (C1-C4), which can be achieved in one step. From the viewpoint of engineering 

practice, one pot process developed in this project has the potential to make the utilization of 

natural gas more economically profitable. 

5.2 Recommendations for Future Work 

The current outcomes show promising results in gasoline range chemicals production from light 

paraffins. However, further optimization of reactor configuration and reaction parameters are 

suggested for increased energy efficiency. Catalyst screening will be conducted with a sulfur-

containing mixture or using pre-sulfided catalysts for short-term experiments. Best practice is 

presulfiding plus a low concentration of H2S mixed with the feed. This approach avoids the 

problem of transient metal phases in the catalyst as reactions with sulfur occur. To optimize the 

catalyst design and gain a better understanding of reaction mechanism, the quantum molecular 

calculation and molecular dynamic simulation will be performed. 

 Once a proof of concept has been determined form a chemistry perspective, then the reactor 

design will be re-visited from a strictly chemical engineering approach. Several kinetic models 
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will be proposed to simulate the mechanistic behavior of the plasma-catalyst system. If the 

estimated values are well consistent with the experimental results, the hypothesized reaction 

pathways and rate-determining step will uncover the actual reaction mechanism to a certain 

level. The outcomes from the kinetic analysis will benefit the reactor design. In addition to the 

control experiments to prove the synergistic benefit, other techniques, such as isotopic labeling 

technique (i.e. CD4 or 13CH4), TOF-SIMS, NMR and/or MS will be employed to understand the 

underlying mechanism, which is very crucial to rationally design catalyst structure for achieving 

enhanced performance. The evaluation of economic feasibility is also very important for further 

industrial application. 
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