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Abstract 

Part 1: The effect of stage number of multistage AC gliding arc discharge reactors on the 

process performance of the combined reforming and partial oxidation of simulated 

COrcontaining natural gas baving a CH4: C2H6:C3Hg:C02 molar ratio of 70:5:5:20 was 

investigated. For the experiments with partial oxidation, either pure oxygen or air was 

" 	 used as the oxygen source with a fixed hydrocarbon-to-oxygen molar ratio of 211. 

Without partial oxidation at a constant feed flow rate, all conversions of hydrocarbons, 

except CO2, greatly increased with increasing number of stages from 1 to 3; but beyond 3 

stages, the reactant conversions remained almost unchanged. However, for a constant 

residence time, only C3Hg conversion gradually increased, whereas the conversions of the 

other reactants remained almost unchanged. The addition of oxygen was found to 

significantly enhance the process performance of natural gas reforming. The utilization of 

air as an oxygen source showed a superior process performance to pure oxygen in terms 
.. 

of reactant conversion and desired product selectivity. The optimum energy consumption 

of 12.059x1024 eV per mole of reactants converted and 9.659xl024 eV per mole of 

hydrogen produced was obtained using air as an oxygen source and 3 stages of plasma 

reactors at a constant residence time of 4.38 s. 
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Part 2: Generally, natural gas mainly contains methane with a very high carbon dioxide 

content up to 20 %. Synthesis gas (a mixture of hydrogen and carbon monoxide) is 

produced commercially by using the conventional catalytic processes of methane 

separated from natural gas with steam reforming; however, the catalytic processes have to 

be operated under high temperatures and pressures. Therefore, the combination of steam 

reforming and non-thermal plasma is considered to be a new promising way for the 

reforming of natural gas at ambient temperature and atmospheric pressure without a 

catalyst required. In this present work, a . low-temperature gliding arc discharge system 

was employed to investigate the effects of steam content and operational parameters, i.e. 

total feed flow rate, applied voltage, and input frequency, on the reforming performance 

of COrcontaining natural gas. The results reveal that the reactant conversions and yields 

of hydrogen and carbon monoxide were found to reach maximum values at a steam 

content of 10 mol%, a total feed flow rate of 100 cm3/min, an applied voltage 13.5 kY, 

and an input frequency 300 Hz. Under these optimum conditions, the power 

consumptions were as low as 2.26 x 1O- 18 WS (14.10 eY) per reactant molecule converted 

and 1.58 x 10- 18 Ws (9.85 eY) per molecule of produced hydrogen . 

Part 3: In this study, a technique of combining steam reforming with partial oxidation of 

CO2-containing natural gas In a gliding arc discharge plasma was investigated. The 

effects of several operating parameters including: hydrocarbons (HCs)/02 feed molar 

ratio; applied voltage; input frequency; and electrode gap distance; on reactant 

conversions, product selectivities and yields, and power consumptions were examined. 

The results showed an increase in either methane (CH4 ) conversion or synthesis gas yield 

with increasing applied voltage and electrode gap distance, whereas the opposite trends 
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were observed with increasing HCs/Oz feed molar ratio and input frequency. The 

optimum conditions were found at a HCs/Oz feed molar ratio of 211 , an applied voltage of 

14.5 kY, an input frequency of 300 Hz, and an electrode gap distance of 6 mm, providing 

high CH4 and O2 conversions with high synthesis gas selectivity and relatively low power 

consumptions, as compared with the other processes (sole natural gas reforming, natural 

gas reforming with steam, and combined natural gas reforming with partial oxidation) . 
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H2 molecule produced). 

Part 3 

3.1 Schematic of gliding arc discharge system. 92 

3.2 Effects of HCs-to-02 feed molar ratio on (a) reactant conversions and 101 - I02 

product yields, (b) concentrations of outlet gas, (c) product selectivities, 

(d) product molar ratios, and (e) power consumptions and coke fonnation 


studied under conditions: steam content, 10 mol%; total feed flow rate, 


100 cm3fmin; applied voltage, 13.5 kV; input frequency, 300 Hz; and 


electrode gap distance, 6 mm (Ec: power per reactant molecule 


converted; EH2 : power per H2 molecule produced). 
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3.3 Effects of applied voltage on (a) reactant conversions and product yields, 105-106 

(b) concentrations of outlet gas, (c) generated current, (d) product selectivities, 

(e) product molar ratios, and (1) power consumptions and coke formation 


under studied conditions : steam content, 10 mol%; HCs/02 feed molar ratio, 


211 ; total feed flow rate, 100 cm 3/min; input frequency, 300 Hz; and electrode 


gap distance, 6 mm (Ec: power per reactant molecule converted; 


EH2 : power per H2 molecule produced). 


3.4 Effects of input frequency on (a) reactant conversions and product 109-110 

yields, (b) concentrations of outlet gas, (c) generated current, (d) 

product selectivities, (e) product molar ratios, and (1) power consumptions 

and coke formation under studied conditions: steam content, 10 moJ%; 

HCs/0 2 feed molar ratio, 21 I; total feed flow rate, 100 cm 3/min ; applied voltage, 

14 .5kV; and electrode gap distance, 6 mm (Ec: power per reactant 

molecule converted ; EH2 : power per H 2 molecule produced) . 

3.5 Effects of e lectrode gap distance on (a) reactant conversions and product 114-115 

yields, (b) concentrations of outlet gas, (c) generated current, 

(d) product selectivities, (e) product molar ratios, and (1) power consumptions 

and coke formation under studied conditions: steam content, 10 mol%; 

HCsI0 2 feed molar ratio, 211; total feed flow rate, 100 cm 3/min; applied 

voltage, 14.5 kV; and input frequency, 300 Hz (Ec: power per reactant 

molecule converted; EH2 : power per H 2 molecule produced). 
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Part 1: Combined Reforming and Partial Oxidation of COrContaining 

Natural Gas Using an AC Multistage Gliding Arc Discharge System: 

Effect of Stage Number of Plasma Reactors (published in Plasma 

Chemistry and Plasma Processing) 

1.1 Introduction and Survey of Related Literature 

In recent years, natural gas has become one of the most useful energy resources 

in the world due to the depletion of oil reserves. Therefore, the value of natural gas as an 

alternative fuel is currently increasing [I]. Generally, natural gas contains a large amount 

of methane and significant amounts of ethane, propane, carbon dioxide, and nitrogen, and 

its composition varies according to the geological conditions in different parts of the 

world. Because methane is not only an inexpensive fuel but also an environmentally safe 

fuel, attempts of converting methane to hydrogen and higher hydrocarbons with 

alternatives of new technology have been increasingly studied . Moreover, the direct 

utilization of methane and carbon · dioxide has been area of great interest due to its 

environmentally friendly concept for decreasing greenhouse gas emission. 

In carbon dioxide reforming of methane, the natural gas can be used as a 

potential feed to produce synthesis gas or syngas, a mixture of hydrogen and carbon 

monoxide, which is used in various petrochemical processes, such as methanol synthesis 

and the so-called Fischer-Tropsch synthesis to produce liquid hydrocarbons. It has raised 

interest in its use as an alternative energy source because of the two main advantages of 

producing the hydrogen energy and reducing the greenhouse effect simultaneously. 

Nevertheless, carbon dioxide reforming of methane, as shown in Eq. (I), using 

conventional catalytic methods often encounters two problems. It is a highly endothermic 



reaction consuming much energy, and the deactivation of catalysts used due to coke 

deposition on the catalyst surface usually occurs under various reaction conditions [2]. 

• Carbon dioxide reforming of methane; 

--... 2CO+2Ih 247kJ/moi (1) 

The second route for methane conversion to syngas is the steam reforming, as 

shown in Eg. (2). This reaction is also highly endothermic, which is the same as the 

carbon dioxide reforming, resulting in high energy consumption. Steam reactors 

generally run with excess amounts of water in order to prevent the deposition of carbon 

on catalysts [3]. Steam reforming of methane has poor selectivity to CO and produces 

syngas with a high H2/CO ratio, while carbon dioxide reforming of methane gives a high 

CO selectivity [4] . 

Steam reforming of methane; 

---... CO + L'.H298K = 206.2 kJ/mol (2) 

Another way to produce syngas is catalytic partial oxidation of methane as 

shown in Eg . (3). The catalysts investigated are mainly supported Ni and noble metal 

catalysts. The latter are more active but comparatively cost-ineffective, while 

nickel-based catalysts show high activity and selectivity with low cost but coke 

deposition on nickel occurs much easier than on noble metals [5]. This process gives high 

activity and selectivity but cannot be easily controlled because of the generation of hot 

spots in the catalytic bed due to its exothermic nature [4]. 

Partial oxidation of methane; 

AH298K = -38kJ/mol (3) 
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The combination of these reactions can potentially provide good and synergistic 

.. 


results. For example, a combination of carbon dioxide reforming and steam reforming of 

methane can reduce the carbon formation on the catalyst surface because the C/H ratio, as 

well as the C/O ratio, in the feed decrease, resulting in a controlled and limited carbon 

formation [6]. ]n addition , a combination of carbon dioxide reforming and partial 

oxidation of methane has a benefit in terms of balancing the heat load [7, 8]. 

One attractive method for reforming hydrocarbon compounds IS to use 

non-thermal plasma processes. The plasma contains highly active species, such as 

·electron, ions, and radicals, which can catalyze conversions of feed into more valuable 

. . products. The non-thermal plasma processes basically generate energetic electrons by 

·.applying a high voltage across electrodes to create electric discharge. The electric 

. discharge produced also provides heat to the system, apart from generating radical and 

excited species to initiate and enhance the plasma chemical reactions [9]. Furthermore, 

the plasma reforming processes can be operated .at mild conditions with less power 

consumption, and they have been employed for many applications [l0-13]. A gliding arc 

discharge is a new discharge type of non-thermal plasma, which successfully provides the 

most effective non-equilibrium plasma with high productivity and good selectivity. The 

gliding arc discharge has at least two diverging knife-shaped electrodes, which are placed 

in a rapid gas flow of feed gas. A high voltage is generated across the fast gas between 

the electrodes. The electric discharge initially forms at the narrowest gap and then 

spreads along the knife-edges of the electrodes and finally disappears . New discharges 

instantaneously reform at the initial point repeatedly. Therefore, there are several 

researches reporting the utilization of gliding arc discharge for many purposes, including 

natural gas and methane conversion for production of higher hydrocarbons and synthesis 
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gas [14-16]. 

The purpose of this study was to apply the multistage gliding arc plasma system for 

a combined reforming and partial oxidation of simulated natural gas, which contained a 

CH4:C2H6:C3Hg:C02 molar ratio of 70:5:5:20, to produce hydrogen and higher 

hydrocarbons. The effects of the stage number of plasma reactor was mainly investigated 

on the system performance under two series of system with fixed feed flow rate and fixed 

residence time. Both pure oxygen and air were comparatively used as the oxygen source. 

The optimum stage number with corresponding power consumption was obtained. 

1.2 Procedure 

1.2.1. Reactant Gase~ 

Simulated natural gas containing methane, ethane, propane, and carbon dioxide, 

with a CH4:C2H6:C3H8:C02 molar ratio of 70:5 :5:20, was specially produced for this 

research by Thai Industry Gas (Public) Co., Ltd. Ultra-high purity oxygen, air zero, H2 

with 99.99% purity, and helium used for performing the combined plasma reforming and 

partial oxidation of the simulated natural gas with partial oxidation and GC analysis, were 

also supplied by Thai lridilstry Gas (Public) Co., Ltd. 

1.2.2. Multistage Gliding Arc Discharge System 

The experimental set-up of the AC multistage gliding arc discharge system with 4 

stages in series and the configuration of each reactor are shown in Figures I and 2, 

respectively. The gliding arc reactors were made of a glass tube with 9 cm OD and an 8.5 

cm ID. Each reactor had two diverging knife-shaped electrodes that were fabricated from 

stainless steel sheets with 1.2 cm width for each electrode. The gap distance between the 

pair of electrodes was fixed at 6 mm. Two Teflon sheets were placed at the top and 
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Figure J.l The schematic of the multistage gliding arc discharge system. 
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Figure 1.2 Schematic of the gliding arc reactor. 

bottom of the electrodes to force the feed gas to pass through the reaction zone. The flow 

rates of the reactant gases were regulated by a set of mass flow controllers and 

transducers supplied by SIERRA® Instrument, Inc . The 7 11m stainless steel filters were 

placed upstream of all mass flow controllers in order to trap any solid particles in the 
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reactant gases. The check valves were also placed downstream of the mass flow 

• 


controllers to prevent any back flow. All of the reactant gases and steam were well mixed 

and introduced upward into the first reactor at ambient temperature and atmospheric 

pressure. The compositions of the feed gas mixture and the effluent gases were analyzed 

by an on-Ijne gas chromatograph (HP, 5890), equipped with Carboxen J000 packed 

column and a thermal conductivity detector (TCD). 

For any studied conditions, the feed gas mixture was first introduced into the 

gliding arc system without turning on the power supply unit. After the composition of 

outlet gas was constant, the power supply unit was turn on. The outlet gas composition 

was analyzed every 30 min by the on-line GC. After the system r.e~ched steady state, an 

analysis of outlet gas composition was taken at least few times every hour. The 

experimental data were averaged to evaluate the process performance. During the 

experiments, the temperature at the reactor wall was found to · be in the range of 

J50-200°C. Since the volume of the reactor outlet zone was rather large, the outlet gas 

was cooled close to room temperature. It was observed that a small amount of water· . 

droplets appeared on the surrounding inner wall of the gliding arc reactor during the 

experiment of combined plasma reforming and partial oxidatiori of CO2-containing 

natural gas. The flow rates of both the feed and the outlet gases were measured by using a 

bubble flow meter because of the gas volume change after the reaction. 

A power supply unit used in this research was operated in three steps. For the first 

step, the domestic AC input of220 V and 50 Hz was converted to a DC output of70 V by 

a DC power supply converter. For the second step, a 500 W power amplifier with a 

function generator was used to convert the DC to AC with the sinusoidal waveform. For 

the final step, the output voltage was stepped up by using two transformers in series. The 
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output voltage and frequency were controlled by the function generator. Since the plasma 

generated in each plasma reactor is non-equilibrium in nature, it is not possible to 

measure the voltage across the electrodes of the reactor (high-side voltage). Therefore, 

• 	 the low-side voltage and current were measured instead, and the high-side voltage and 

current were then calculated by mUltiplying and dividing by a factor of 130, respectively. 

A power analyzer was used to measure power, power factor, current, frequency, and 

voltage at the low side of the power supply unit. Based on our previous work on the ' 

combined reforming and partial oxidation of CO2-containing natural gas using a · 

single-stage gliding arc discharge system[15], the obtained optimum operating conditions 

(an applied voltage of 17.5 kY, an input frequency of 300 Hz, and a 

.. 	 hydrocarbons-to-oxygen molar ratio of 211) were used for the combined reaction under' . 

multistage gliding arc discharge in this study. 

To evaluate the process performance, the conversions of reactant fee and the .' . 

selectivities for product were considered. 

In general, the conversion of reactant is defined as: 

% conversion = (moles of reactant in - moles of reactant out)( 1 00) (4) 

moles of reactant in 

The percent selectivity of products containing carbon atoms is defined on the 

basis of the amount of carbon converted from the reactants into any specified products. In 

case of hydrogen product, the hydrogen selectivity is calculated based on hydrogen 

converted from the reactants. 

% selectivity of any hydrocarbon product = [P](Cp)(1 00) / ~]R](CR) (5) 
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where [P] = moles of product in eftluent; 

[R] = moles of reactant in feed to be converted; 


Cp = numbers of carbon atom in a product molecule; 


CR = numbers of carbon atom in a reactant molecule 


% selectivity of hydrogen [P](Hp)(lOO) / L]R](HR) (6) 

where Hp = numbers of hydrogen atom in a product molecule; 

HR = numbers of hydrogen atom in a reactant molecule. 

The product yield is formulated as follows: 

% yield of H2 = I(% conversion of CH4, C2H6, C3H8) x (% selectivity of H2) / 100 (8) 

The specific energy consumption is calculated in a unit of Ws per a C-containing 

reactant molecule converted or per a hydrogen molecule produced (Ws/M) using the 

following equation: 

Specific energy consumption = (P) (60) / eN) (M) (9) 

where P = Power (W); 

- 23 JN = Avogadro's number (6.02 x 10 molecules·g-mole-); 

M = Rate of converted carbon in feed or rate of produced hydrogen molecule 

(g-mole·min- J
) 
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1.3. Results and Discussion 

In a plasma environment, the highly energetic electrons generated by gliding arc 

discharge collide with the gaseous molecules of hydrocarbons and CO2, creating a variety 

of chemically active radicals. All the possibilities of chemical pathways occurring under 

the studied conditions were briefly described below to provided a better comprehensive 

understanding of the plasma reforming reactions of natural gas containing CO2 under AC 

non-thermal gliding arc discharge, both without and with partial oxidation. In the absence 

of oxygen, the radicals of oxygen-active species are produced during the collisions 

between electrons and CO2, as shown in Eqs. 10 and 11. Moreover, the produced CO can 

be further dissociated by the collisions with electrons to form coke and oxygen-active 

species (Eq . 12). In the case of added oxygen for partial oxidation, a large amount of 

oxygen-active species can be produced from the collisions between electrons and oxygen 

.. 
molecules, as described by Eqs. 13-15. Eqs. 16-28 show the collisions between electrons 

and all hydrocarbons presented in the feed to produce hydrogen and various hydrocarbon 

species for subsequent reactions. 

Electron-carbon dioxide collisions: 

Dissociation reactions ofcarbon dioxide; 	 e- + CO2 - CO + 0- (I 0) 

e-+C02 - CO+O+e- (II) 

e- + CO - C + 0 + e- (12) 

Electron-oxygen collisions: 

Dissociation attachment ofoxygen; e- + O2 - 20 + e- - 0 - + 0 (13) 

Attachment ofmYl?en; e- + 0 2 - O2- (14) 

Dissociation of0XYl?en; e- + O2 - 20 + e- ( 15) 

Electron-methane collisions: 
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e- + CH4 -7 CH3 + H + e- (16) 

e- + CH3 -7 CH2 + H + e- (17)
• 

e- + CH2 -7 ClI + H + e- (18) 

) e-+CH C + H + e- (19)-7 

-7H+H Ih (20) 

Electron-ethane collision: 

e- + C2H6 C2HS + H + e- (21)-7 

-7e- + C2Hs C2~ + H + e- (22) 

-7e- + C2H4 C2H3 + H + e- (23) 

-7.e-+C2H 3 C2H2 + H + e- (24) 

-7e- + C2H6 CH3 + CH3 + e- (25) 

Electron-propane collision : 

e- + C3Hg C3J-h + H + e- (26)-7 

-7e- + C3H7 C3H6 + H + e- (27) 

-7e- + C3Hg C2Hs + CH3 + e- (28) 

The oxygen-active species derived from CO2 and O2 can further extract hydrogen 

atoms from the molecules of hydrocarbon gases via the oxidative dehydrogenation 

reactions (Eqs. 29-41), consequently producing several chemically active radicals and 

water. 

Oxidative dehydrogenation reactions: 

CH4 + 0 -7 CH3 + OH (29) 

C2H6 + 0 C2HS +OH (30)-7 
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C2HS + 0 - C2H4 + OH (31 ) 

C2H4 + 0 - C2H3+ OH (32).. 
.. C2H3+ 0 - C2H2+ 011 (33) 

C3HS + 0 - C3H7 + OH (34) 

CH4 + OH - CH3+ H2O (35) 

C2H6 + OH - C2HS + H2O (36) 

C2HS + OH - C2l-W + H2O (37) 

C2H4 + OH - C2H3+ H2O (38) 

C2H3 + OH - C2H2+ H2O (39) 

C3Hs + OH - C3H7 + H2O (40) 

C3H7+ OH - C3H6 + H2O (41) 

The C2Hs, C2H3, and C3H7 radicals can further react to form ethylene, acetylene, ,. 
and propene either by electron collision (Eqs. 22-24, and 27) or by oxidative 

dehydrogenation reaction (Eqs. · 31-33, 37-39, and 41). The extracted hydrogen atoms 

immediately form hydrogen gas according to Eq. 20. However, no propene was detected 

in the outlet gas stream. It is therefore believed that the propene species was unstable and 

may probably undergo further reactions (Eqs. 42 and 43). 

Propene hydrogenation and cracking reactions: 

C3H6 + H2 - C3HS (42) 

C3H6 - C2H2+ CH4 (43) 

In addition, the radicals of hydrocarbons and hydrogen derived from the earlier 

reactions react further to combine with one another to form ethane, ethylene, acetylene, 
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propane, and butane, as shown in Eqs. 44-59. In addition, ethane can be further 

dehydrogenated to form ethylene, while ethylene can also be dehydrogenated to form 

acetylene by either electron collision or oxidative dehydrogenation (Eqs. 21, 22, 30, 3 J, 

36, and 37 for ethylene formation; and, Eqs. 23, 24, 32, 33, 38, and 39 for acetylene 

formation). 

Coupling reactions of active species: 

----7Ethane formation; CH3 + Clh C2H6 	 (44) 

----7C2HS + H C2H6 (45) 

C2Hs + C2HS ----7 C2H6 + C2H4 (46) 

C3H7 + CI1 3 C2H6 + C2H4 (47)----7 

----7Ethylene formation; CH2+ CI-h C2H4 	 (48) 

----7CH3 + CH3 C2H4 + H2 (49) 

----7C2HS + H C2H4 + H2 	 (50) 

----7C3H7 + H C2H4 + CH4 (51) 

----7A cetylene formation; CH+CH C2H2 	 (52) 

----7CH2+ CH2 C2H2+ H2 (53) 

----7CH3+ CH C2H2 + H2 	 (54) 

----7C2HS + H C2H2 + H2 + H2 (55) 


C3H7 + H ----7 C2H2 + CH4 + H2 (56) 


Propane formation; C2Hs + CH3 C3Hg (57)
----7 

Butane formation; 	 C2HS + C2HS -> C4H IO (58) 

C3H7 + CH3 C4H 1O (59)----7 

Moreover, a significant amount of CO and a very small amount of water were 
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produced under the studied conditions, particularly in feed with high oxygen content. CO 

may be mainly formed via the partial oxidation reactions of the hydrocarbon reactants. 

Eqs. 60-64 show the partial oxidative pathways of methane to form CO and H2 as the end 

products. The formation of water is believed to occur via the oxidative hydrocarbon 

reactions (Eqs. 35-41). In addition, water can be formed by the reactions between 

hydrogen or active hydrogen radical and active oxygen radical, as shown in Eqs . 65-67. 

Carbon monoxide fo·rmation: 

CH3 + 0 ~ HCHO + H (60) 

HCHO+O ~: OH+CHO (61 ) 

CHO+O ~ . : OH+CO (62) 

CHO + OH ~. CO + H20 (63) 

CHO + H ~ . H2 + CO (64)• 

Water formation: 

2H + 0 ~ H20 (65) 

H2 + 0 ~ H20 (66) 

H2 + Y2 0 ~ H20 (67) 

Additionally, hydrocarbon molecules may crack to form carbon and hydrogen 

via thermal cracking reactions (Eqs. 68-70). 

CH4 ~ C + 2H2 (68) 

CZH6 ~ 2C + 3Hz (69) 

C3HS ~ 3C + 4H2 (70) 
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1.3.1 Reforming of Natural Gas without Partial Oxidation 

1.3.1.1 Effect of Feed Flow Rate at Constant Residence Time 

The effect of feed flow rate of reactant gases at a constant residence time was 

initially investigated to evaluate how it affected the process performance. 

1.3.1.1.1 Effect on reactant conversion and product yield 

The results of the reactant conversions and product yields as a function of stage 

number of plasma reactors when varying feed flow rate at a fixed residence time of 4.38 s 

are illustrated in Figure 1.3. The stage number of plasma reactors was varied from 1 to 4 

stages. For each stage of plasma reactors, the ·feed flow rate was controlled at 31.25, 

62.50, 93.75, and 125 cm3/min, respectively, in. 9rder to maintain the same residence 
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Figure 1.3 Effect of stage number of plasma reactors on reactant conversions and 

product yields for reforming of natural gas without partial oxidation in the case of 

varying feed flow rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap 

distance, 6 mm; and residence time, 4.38 s). 
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time. The results show that only the converSlOn of C3Hs gradually increased with 

increasing stage number, whereas the conversion of other reactant components remained • 

almost unchanged. It can be confirmed by the concentrations of outlet gases, as presented 

in Figure 1.4, that the concentration of C3Hs sharply decreased, whereas the CH4 

concentration was nearly unchanged. The explanation is that the conversion of reactant 

gases depends upon the collision between the highly energetic electrons and reactant 

gases, which can be controlled by adjusting residence time. However, the plasma 

operation in this experimental part was performed at a constant re.sidence time, so the 

probability of collision between reactant gas molecules and highly energetic electrons is 
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Figure 1.4 Effect of stage number of plasma reactors on concentrations of outlet 


gases for reforming of natural gas without partial oxidation in the case of varying 


feed flow rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 


mm; and residence time, 4.38 s). 
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quite the same for all stages of plasma reactors, causing the slightly changed conversion 

of reactant gases. Therefore, when the residence time was fixed, the conversion of 

reactant gases in simulated natural gas was not much affected by the stage number of 

plasma reactors. Moreover, the H2 and C2 yields only slightly increased with increasing 

stage number of plasma reactors. It can be suggested that the coupling reactions of the 

active species and oxidative dehydrogenation reactions may not be significantly affected 

by the stage number as well. 

1. 3.1.1. 2 Effect on product selectivity 

The effect of stage number of plasma reactors on the selectivities for H2, C2H2, 

C2H4, C4H IO , and CO is depicted in Figure 1.5. The selectivities for H2 and C2H4 tended to 

slightly increase with increasing stage number from 1 to 3 stages, and the 
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Figure 1.5 Effect of stage number of plasma reactors on product selectivities for 

reforming of natural gas without partial oxidation in the case of varying feed flow 

rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and 

residence time, 4.38 s). 

16 



selectivities for CO and C4H IO were almost unchanged with the stage number of plasma 

reactors. The results are relevant to the molar ratios ofH2/C2H2 and C2~/C2H2, as shown 

in Figure 1.6, while the molar ratio of H2/C2H4 gradually decreased. This implies that the 

increase in C2lT4 production exceeds the increase in H2 production, resulting in the 

gradual decrease in H2/C 2H4 ratio. It should be therefore noted that the hydrogenation of 

C2H2 more favorably occurs than the coupling reaction of hydrocarbon active species 

with increasing stage number of plasma reactors from 1 to 3 stages, leading to the 

consumption of H2 for some extent to produce C2H4 . At 3 stages of the plasma reactors, 

the maximum selectivity for H2 was obtained at approximately 38.23 %. From this point 

of view, it could be concluded that the increase in stage number of plasma reactors from 1 

20 ~------------------------------~ 

H2/CO .... _-­......____----.....----­....... 

o 	 2 3 4 5 

Stage number of plasma reaclor(s) 

Figure 1.6 Effect of stage number of plasma reactors on product molar ratios for 

reforming of natural gas without partial oxidation in the case of varying feed flow 

rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and 

residence time, 4.38 s). 
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to 3 stages assists in improving the desired product selectivity, anyhow it did not provide 

the synergistic effect on the reactant conversion. 

1.3.1. J. 3 Effect on power consumption 

The effect of stage number of plasma reactors on power consumptions per 

reactant molecule converted and per hydrogen molecule produced is shown in Figure 1.7. 

The power consumption per hydrogen molecule produced sharply declined from 1 to 2 

stages of plasma reactors and then gradually decreased with increasing stage number 

from ·2 to 4 stages, whi Ie the power consumption per reactant molecule converted also 

decreased in the same trend as the power consumption per hydrogen molecule produced 

when. the stage number was increased from 1 to 2 stages but became almost unchanged 

The minimum power consumptions were about 2.75 x 10. 18 Ws (17.18 eV) per molecule 
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Figure 1.7 Effect of stage number of plasma reactors on power consumptions for 

reforming of natural gas without partial oxidation in the case of varying feed flow 

rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and 

residence time, 4.38 s). 
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18 with further increasing stage number to 4 stages. of converted reactant and 3.41 x 10­

Ws (21 .28 e V) per molecule of produced hydrogen at the stage number of 4 stages. 

1.3.1.2 Effect of Residence Time at Constant Feed Flow Rate 

Since the effect of feed flow rate at a constant residence time was found to 

insignificantly affect the process performance, the effect of residence time at a constant 

feed flow rate was next comparatively investigated. 

1.3.1.2.1 E(fect on reactant conversion and product yield 

The results of the reactant conversions and product yields as a function of stage 

number of plasma reactors when varying residence time at a fixed feed flow rate of ] 25 

cm3/min are illustrated in Figure 1.8. For each stage of plasma reactors, the residence 

time was controlled at 1.09,2.] 9,3 .29, and 4.38 s, respectively, in order to maintain the 
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Figure 1.8 Effect of stage number of plasma reactors on reactant conversions and 

product yields for reforming of natural gas without partial oxidation in the case of 

varying residence time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap 

distance, 6 mm; and feed flow rate, 125 cm3/min). 
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same feed flow rate. The conversions of all hydrocarbons, except CO2, considerably 

increased due to the longer residence time or contact time in the plasma reaction zone 

with increasing number of stage from I to 3 stages . Beyond the 3 stages, only propane 

• conversion increased, but other reactant conversions remained almost unchanged. 

Comparatively, the propane conversion increased rapidly with increasing stage number of 

plasma reactors, whereas the methane conversion tended to slightly increase. The 

conversions of all reactant gases were in the following order: propane > ethane > 

methane> CO2, resulting from their bond dissociation energies, which are 4.33, 4.35, 

4.55, and 5.52 eV, respectively. The higher bond dissociation energy leads to more 

difficulty to be dissociated for further reacting to form other species (Dean, 1999). It can 

• 	 be supposed that the unchanged CO2 conversion might be due to its relatively much 

higher bond dissociation energy. For the H2 and C2 yields, the increase in residence time 

due to the increase in the stage number of plasma reactors enhances the conversion of all 

reactants, as aforementioned, and consequently leads to increasing production yields. The 

outlet concentrations of all reactant gases shown in Figure 1.9 significantly decreased 

with increasing stage number of reactors from 1 to 3 stages except that the concentration 

of CO2 remained unchanged due to the almost constant CO2 conversion. 

• 
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Figu·re 1.9 Effect of stage number of plasma reactors on concentrations of outlet 

gas~s for reforming of natural gas without partial o~idation in the case of varying 

res·i~ence time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 

6 mm; and feed flow rate, 125 cm3/min). 
, 

1.3.1.2.2 Effect on product selectivity 

Figure 1.10 illustrates the effect of stage number of plasma reactors on the 

product selectivities. The experimental results reveal that the selectivities for H2 and 

C2H2 tended to increase with increasing stage number of plasma reactors, whereas those 

for C2H4, C4HlO, and CO remained almost unchanged. This implies that the oxidative 

dehydrogenation is preferable at high residence time. As confirmed by the product molar 

ratios in Figure I.] I, the H2/C2~ ratio increased with increasing stage number of 

plasma reactors from 1 to 3 stages, and also the molar ratio of C2H4/C 2H2 slightly 

decreased, suggesting that the dehydrogenation of C2H4 is likely to occur when the stage 

number of plasma reactors is increased. Moreover, the coupling reaction of hydrogen 

rad icals could occur and resu lted in the great increase in the selectivity for H2 at 3 stages 
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Figure 1.10 Effect of stage number of plasma reactors on product selectivities for 

reforming of natural gas·without partial oxidation in the case of varying residence 

time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; 

and feed flow rate, 125 cinJ/min). 
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Figure 1.11 Effect of stage number of plasma reactors on product molar ratios for 

reforming of natural gas without partial oxidation in the case of varying residence 

time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; 

and feed flow rate, 125 cmJ/min). 
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of plasma reactors. In contrast, the selectivities for C2H4, C4H 10, and CO remained 

almost unchanged. From these experimental results, it can be concluded that the rate of 

dehydrogenation increases with increasing stage number of plasma reactors when the 

.. 
multistage system is operated at constant feed flow rate. 

1.3.1.2.3 Effect on power consumption 

The effect of stage number of plasma . reactors on power consumptions per 

reactant molecule converted and per hydrogen produced is depicted in Figure 12. The 

power consumption per hydrogen molecule produced substantially decreased when the 

stage number of plasma reactors was increased from I to 3 stages, but the power 

consumption per reactant molecule converted w3s:insignificantly changed. At the 3 
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Figure 1.12 Effect of stage number of plasma reactors on power consumptions for 

reforming of natural gas without partial oxidation in the case of varying residence 

time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; 

and feed flow rate, 125 cm3/min). 
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stages, the minimum power consumption about 2.85 x 10-18 Ws (17.77 eV) per molecule 

of produced hydrogen was achieved . 

1.3.2 Reforming of Natural Gas with Partial Oxidation 

For the combined plasma reforming and partial oxidation of the simulated 

natural gas, the effect of feed flow rate and residence time were systematically 

investigated to determine whether or not the addition of oxygen to the 'natural gas feed 

improved the system performance by using two different oxygen sour.ces: pure oxygen 

and air. 

1.3.2.1 Reforming of Natural Gas with Partial Oxidatio·n·. by Using Pure 

Oxygen 

1.3.2.1.1 Effect of Feed Flow Rate at Constant Residence Time 

1.3.2.1.1.1 Effect on reactant conversion 

The combined reforming and partial oxidation of natural gas by using pure 

oxygen as an oxygen source at a constant residence time under multistage gliding arc 

discharge was operated at the hydrocarbons-to-oxygen molar ratio of 2/1, which was the 

optimum ratio in the previous work [15] . Figure 1.13 shows that all reactant conversions 

only slightly increased with increasing stage number from 1 to 2 stages. Beyond 2 stages, 

those remained almost unchanged. The H2 and C2 yields gradually increased with the 

stage number of plasma reactors. The value of H2 yield was somewhat greater than 100 

due to the complexity of the reaction, of which both forward and backward reactions 

simu ltaneously occurred in the plasma reactors. The concentrations of the outlet gases are 

shown in Figure 1.14. The outlet concentrations of all reactants decreased with increasing 
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Figure 1.13 Effect of stage number of plasma reactors on reactant conversions and 

product yields for reforming of natural gas with pure O2 addition in the case of 

varying feed flow rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap 

distance,6 mm; and residence time, 4.38 s). 
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Figure 1.14 Effect of stage number of plasma reactors on concentrations of outlet 

gases for reforming of natural gas with pure O2 addition in the case of varying feed 

flow rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 

mm; and residence time, 4.38 s). 
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stage number of plasma reactors, except that the outlet concentration of CO2 remained 

unchanged, which might result from the high bond energy dissociation, as mentioned 

previously. 

1.3.2.1. 1. 2 Effect on product selectivity 

Figure I. J5 shows that most product selectivities did not significantly change 

when the stage number of plasma reactors was increased except that the selectivity for H2 

tended to slightly increase. The molar ratio of H2/C 2H4 increased as the number of plasma 

reactors increased from 1 to 2 stages and then remained almost unchanged with further 

increasing stage number, whereas other product molar ratios were almost constant, as 

shown in Figure 1.] 6. This can be explained in that both the dehydrogenation reactions 

and the coupling reaction of hydrogen radicals to produce H2 have high possibility to 

occur owing to the high opportunity to collide with the active species at the early stages 

of plasma reactors at the residence time of 4.38 s. 

1.3.2.1. 2. 3 Effect 011 power consumption 

As shown in Figure 1.17, the decrease in the power consumptions per both 

reactant molecule converted and hydrogen produced with increasing stage number of 

plasma reactors was observed, as previously obtained . The optimum power consumptions 

were 2.02 x 10- 18 Ws (12.58 eV) per molecule of hydrocarbon converted and 1.61 x 10-18 

Ws (10 .09 eV) per molecule of hydrogen produced at the 4 stages of plasma reactors. 
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Figure 1.15 Effect of stage number of plasma reactors on product selectivities for 

reforming of natural gas with pure O2 addition in the case of varying feed flow rate 

(applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and 

residence time, 4.38 s). 
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Figure 1.16 Effect of stage number of plasma reactors on product molar ratios for 

reforming of natural gas with pure O2 addition in the case of varying feed flow rate 

(applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and 

residence time, 4.38 s). 
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Figure 1.17 Effect of stage number of plasma reactors on power consumptions for 

reforming of natural gas with pure O2 addition in the case of varying feed flow rate 

(applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and 
, 

residence time, 4.38 s). 

1.3.2.1.2 Effect of Residence Time at Constant Feed Flow Rate 

1. 3. 2.1. 2.1 Effect on reactant conversion and product yield 

As shown in Figure 1.18, the conversion of all reactants, except CO2, 

considerably increased when the stage number of plasma reactors was increased from 1 

to 3 stages, and remained almost unchanged with further increasing stage number to 4 

stages, probably due to the small amounts of oxygen active species left, which can be 

clearly confirmed from the outlet gas concentration, as shown in Figure 1.19. For the C02 

conversion, the minus value of the CO2 conversion at the HCs/02 molar ratio of 21 I was 

observed. It can be explained that the formation rate of CO2 by the hydrocarbon oxidation 

is higher than the CO2 consumption rate by the reforming reactions [15]. The H2 yield 
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also significantly increased with increasing stage number of plasma reactors to reach the 

maximum at 3 stages, and after that it greatly decreased. ]n the meantime, the C2 yield 

slightly increased with increasing stage number. Moreover, the H2 yield was found to be 

much higher than the C2yield. At the 3 stages of plasma reactors, the most significant 

difference between H2 and C2 yields was noticed. This implies that at higher stage 

number of plasma reactors up to 3 stages, the production of H2 via the dehydrogenation 

reactions occurs more favorably than the production of C2 via the coupling reactions. 

However, at much higher stage number of 4 stages, the less H2 production due to less 

reactant conversion, as well as its higher consumption for hydrogenation reactions, might 

occur instead. 
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Figure 1.18 Effect of stage number of plasma reactors on reactant conversions and 

product yields for reforming of natural gas with pure O2 addition in the case of 

varying residence time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap 

distance,6 mm; and feed flow rate, 125 cm3/min). 
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Figure 1.19 Effect of stage number of plasma reactors on concentrati()ns of outlet 

gas.e~ for reforming of natural gas with pure O2 addition in the case of varying 

resid.ence time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 

6 mm; and feed flow rate, 125 cmJ/min). 

1.3.2.1.2.2 Effect on product selectivity 

All of product selectivities gradually decreased with increasing stage number of 

plasma reactors, as illustrated in Figure 1.20. The decreased selectivity for CO is due to 

the fact that with increasing stage number of plasma reactors, the residence time is 

enhanced. Therefore, CO has more opportunity to oxidize to CO2 when increasing stage 

number of plasma reactors and accordingly the residence time. 

However, the outlet concentration of CO2, as shown in Figure I.] 9, was almost 

unchanged probably because of the equivalent rates of formation and consumption of 

C02. Moreover, the declines of other product selectivities when increasing stage number 

from 1 to 2 stages were affected from the extraction of oxygen-active species in the 

system. As presented in Figure 1.21, the molar ratio of Ih/C2 products dramatically 
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Figure 1.20 Effect of stage· number of plasma reactors on product selectivities for 

reforming of natural gas ~.ith pure O2 addition in the case of varying residence time 

(applied voltage, 17.5 kV; "f~equency, 300 Hz; electrode gap distance, 6 mm; and feed 

flow rate, 125 cm3/min). 

increased with increasing stage number from 1 to 3 · stages and then decreased when the 

stage number of plasma reactors was further increased , whereas the H2/CO molar ratio 

did not much change. These also imply that the dehydrogenation and coupling reaction 

were favorable to take place at high residence time, but not higher than 3.29 s at 3 stages . 
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Figure 1.21 Effect of stage number of plasma .reactors on product molar ratios for 

reforming of natural gas with pure O2 addition· in the case of varying residence time 

(applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and feed 

flow rate, 125 cm3/min). 

1.3.2.1.2.3 Effect on power consumption 

The power consumption per hydrocarbon converted rapidly declined with 

increasing stage number of reactors from 1 to 2 stages, and after that it remained almost 

constant, as depicted in Figure 1.22. Moreover, the power consumption per molecule of 

hydrogen produced dropped until the 3 stages, and then it sl ightly increased at the 4 

stages. The optimum power consumptions were observed about 1.75 x 10. 18 Ws (10.93 

eV) per molecule of hydrocarbon converted at 2 stage numbers of plasma reactors and 

1.31 x 10- 18 Ws (8.15 eV) per molecule of hydrogen produced at 3 stages of plasma 

reactors. 
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Figure 1.22 Effect of stage number of plasma reactors on power co~sumptions for 

reforming of natural gas with pure O2 addition in the case of varying:residence time 

(applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6' mm; and feed 

flow rate, 125 cmJ/min). 
• 

1.3.2.2 Reforming of Natural Gas with Partial Oxidation by Using Air 

1.3.2.2.1 Effect of Feed Flow Rate at Constant Residence Time 

1.3.2.2.1.1 Effect on reactant conversion and product yield 

The conversions of all reactants slightly increased with increasing stage number 

from 1 to 3 stages, like the yields of H2 and C2, as presented in Figure 1.23. These 

suggest that the increase in all reactant conversions at 2-3 stages of plasma reactors may 

be because some highly energetic products and active species, which were generated in 

the plasma zone of the first stage, easily induced further reactions in the successive stages, 

resulting in the higher conversions. However, at the 4 stages, the conversions adversely 

decreased . Th is may be proposed that the backward reactions of some products may take 
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Figure 1.23 Effect of stage number of plasma reactors on reactant conversions and 

product yields for reforming of natural gas with air addition in the case of varying 

feed flow rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 

• mm; and residence time, 4.38 s). 
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Figure 1.24 Effect of stage number of plasma reactors on concentrations of outlet 

gases for reforming of natural gas with air addition in the case of varying feed flow 

rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and 

residence time, 4.38 s). 
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place. In contrast, the CO2 conversIOn slightly increased when the stage number of 

plasma reactors was increased. The concentrations of outlet gases shown in Figure 1.24 

also well agree with the values of conversions. 

1. 3. 2. 2.1. 2 Effect on product selectivity 

The selectivities for C2H2, C2H4, and C4H IO were nearly unchanged while the 

selectivity for CO slightly declined , with increasing stage number of plasma reactors, as 

shown in Figure 1.25. It can be explained that increasing the stage number of plasma 

reactors resulted in less opportunity of CO formation, causing from the less availability of 

o active species. For the molar ratio of H2/C 2H4 shown in Figure 1.26, it increased with 

the stage number of plasma reactors from 1 to 3 stages; however, after that it tended to 

decrease. This suggests that the oxidative dehydrogenation of C2H4 is likely to occur, 

leading to the increase in the H2 selectivity with increasing stage number of plasma 

reactors from 1 to 3 stages, as shown in Figure 1.25 . 
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Figure LiS Effect of stage number of plasma reactors on product selectivities for 

reforming of natural gas with air addition in the case of varying feed flow rate 
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Figure 1.26 Effect of stage number of plasma reactors on product molar raios for 

reforming of natural gas with air addition in the case of varying feed flow rate 

(applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and 

residence time, 4.38 s). 
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1. 3. 2. 2.1. 3 Effect on power consumption 

Figure 1.27 shows the same tendency of the power 

consumptions per hydrocarbon molecule converted and per hydrogen molecule produced, 

as previously observed. It was found that they tended to rapidly decline from I to 2 stages, 

but after that they became almost unchanged. 
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Figu re 1.27 Effect of stage number of plasma reactors on power consumptions for 

reforming of natural gas with air addition in the case of varying feed flow rate 

(applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and 

residence time, 4.38 s). 

1.3.2.2.2 Effect of Residence Time at Constant Feed Flow Rate 

J. 3. 2. 2. 2. J Effect on reactant conversion and product yield 

As depicted in Figure 1.28, both reactant conversions and product yields 

markedly increased as the stage number of plasma reactors was increased. It can be 

concluded that the higher stage number of plasma reactors or longer residence time 

allows more chance for highly energetic electrons to collide with reactants for subsequent 
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Figure 1.28 Effect of stage number of plasma reactors on reactant conversions and 

product yields for reforming of natural gas with air addition in the case of varying 

.. 

residence time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 

6 mm; and feed flow rate, 125 cm 3/min) . 

reactions, leading to higher reactant conversions and product yields. It can be noticed that 

the H2 yield became much higher than the C2 yield at a higher stage number of plasma 

reactors, indicating that the dehydrogenations and oxidative dehydrogenations to produce 

hydrogen are more favorable to occur than the coupling reactions at a longer residence 

time. Moreover, the concentrations of outlet gases are depicted in Figure 1_29. It can be 

• 
described that the outlet concentrations of C2H6 and C3Hs tremendously dropped when 

the stage number of plasma reactors increased, corresponding to their conversions. 
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Figure 1.29 Effect of stage number of plasma reactors on concentrations of outlet 

gases for reforming of natural gas with air addition in the case of varying residence 

time (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; 

and feed flow rate, 125 cm3/min). 

1.3]2.2.2 Effect on product selectivity 

The selectivities for CO, H2, and C2H2 slightly increased with increasing stage 

number of plasma reactors, whereas the selectivity for C2H4 tended to decrease, and the 

selectivity for C4H lO remained unchanged, as shown in Figure 1.30. Figure 1.31 shows 

the rapid increase in the molar ratio of H2/CJL, while the molar ratios of the others 

nearly unchanged. These results can be explained in that with increasing stage number of 

• 
plasma reactors, the oxidative dehydrogenation reactions more favorably occur, as 

previously stated. 
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Figure 1.30 Effect of stage number of plasma reactors on product selectivities for 

reforming of natural gas with air addition in the case of varying residence time 

(applied voltage, 17.5 kV; fr~quency, 300 Hz; electrode gap distance, 6 mm; and feed 

flow rate, 125 cm3/min). 
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Figure 1.31 Effect of stage number of plasma reactors on product molar ratios for 

reforming of natural gas with air addition in the case of varying residence time 

(applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and feed 

flow rate, 125 cm3/min). 
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1.3.2.2.2.3 Effect on power consumption 

The power consumptions are presented in Figure 1.32. The decreases in the 

power consumptions both per hydrogen molecule produced and per hydrocarbon 

molecule converted were obtained with increasing stage number of plasma reactors from 

I to 3 stages, but beyond 3 stages, they conversely increased. The optimum power 

consumptions were 1.96 x 10- 18 Ws (12.26 eV) per molecule of hydrogen produced and 

2.36 x 10- 18 Ws (14.73 eV) per molecule of hydroc·~~on converted at the 3 stages of 

plasma reactors. At the 4 stages, the higher power c~nsumptions were observed due to 

less reactant conversion and too much input power, ·despite higher H2 production as 

compared with the 3 stages of plasma reactors. 
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Figure 1.32 Effect of stage number of plasma reactors on power consumptions for 

reforming of natural gas with air addition in the case of varying residence time 

(applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 mm; and feed 

flow rate, 125 cm3/min). 
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1.3.3 Comparison of Reforming of Natural Gas without and with Partial Oxidation 

Using either Oxygen or Air 

Two series of systems with a constant residence time and a constant feed flow rate were 

so far investigated. Even though the system operated at a constant feed flow rate provided 

more distinguishable, but expectable, results than that operated at a constant residence 

time when changing the stage number of plasma reactors, the system operated at a 

constant residence time under different conditions without and with oxygen- 'addition was 

more interesting for comparison. Therefore, to obtain more understanding, the 

comparative results of the C02-containing natural gas reforming without and with 

addition of either pure oxygen or air at a constant residence time using the multistage 

plasma system are shown in Figures 33-36, under operating conditions' of a fixed 

residence time of 4.38 s, an applied voltage of 17.5 kY, a frequency of 300 Hz, an 

electrode gap distance of 6 mm, and a HCs/02 molar ratio of 211 in the case .of addition of 

pure oxygen or air as an oxygen source. 

Figure 1.33 illustrates that the conversions of all reactants, except CO2, increased 

substantially when oxygen was added into the natural gas feed because oxygen is 

believed to assist in improving the performance of the reaction, especially via the 

oxidative dehydrogenation to produce hydrogen. In comparison between the two oxygen 

sources, air provided a better process performance in terms of reactant conversions than 

pure oxygen. The results reveal that the addition of air in the feed potentially contributes 

the positive effect to the activation of reactant gases for the reforming of CO2-containing 

natural gas . For the CO2 conversion in the case of adding pure oxygen, the comparatively 

low values at all stages of plasma reactors are plausibly because the formation rate of 

CO2 due to the complete hydrocarbon oxidations is higher than the consumption rate due 
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Figure 1.33 Comparison of conversions of (a) CH4, (b) C2H6, (c) C3Hs, (d) CO2, and 

(e) O2 for combined reforming and partial oxidation of natural gas in the case of 

varying feed flow rate (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap 

distance,6 mm; and residence time, 4.38 s). 
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Figure 1.34 Comparison of yields of (a) H2 and (b) C2 for combined reforming and 

partial oxidation of natural gas in the case of varying feed flow rate (applied voltage, 

17.5 kV; frequency, 300 Hz; electrode gap distance, 6mm; and residence time, 4.38). 
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Figure 1.35 Comparison of selectivities for (a) H2 , (b) C2H2, (c) C 2H 4, (d) CO, and (e) 

C4H IO for combined reforming and partial oxidation of natural gas in the case of 

varying feed flow rate. 
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Figure 1.36 Comparison of power consumptions for combined reforming and partial 

oxidation of natur"al gas in the case of varying feed flow rate: (a) power consumption 

per reactant molecule converted, (b) power consumption per hydrogen molecule 

produced) (applied voltage, 17.5 kV; frequency, 300 Hz; electrode gap distance, 6 

mm; and residence time, 4.38 s). 

to the plasma-induced dissociation reactions, as mentioned previously. It can be observed 

that the highest reactant conversions were attained at 3 stages of plasma reactors when 

using air as an oxygen source. 

Regarding the results of H2 and C2 yields as presented in Figure 1.34, the system 

with oxygen addition provided higher product yields than the system without oxygen 

addition because the oxygen molecules can be easily activated by the plasma and provide 

the oxygen active species for extracting the H atom from the hydrocarbons, as 

aforementioned. Interestingly, for the case of adding oxygen, the results show that the use 

of air as an oxygen source al so provided significantly higher product yields than that of 

pure oxygen. These could be explained in that nitrogen in air could possibly act as the 
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third body in the reaction to receive the excessive energy of the products and make them 

stable. Therefore, it might bear the responsibility in promoting the plasma-chemical 

reactions. Moreover, the 3 stages of plasma reactors were clearly observed to provide the 

highest yields, an additional advantage to the highest reaction conversions as above 

mentioned. 

The product selectivities are comparatively shown in Figure 1.35. Most product 

selectivities, except C2H4 and C4H 10, significantly increased, especially for the CO 

selectivity, when adding both oxygen sources to the system. However, the addition of 

oxygen into the system did not provide the positive effect on the C2H4 and C4 HIO 

selectivities because the presence of the oxygen active species Jed to more probability of 

the oxidative dehydrogenations of both reactants and intermediates to form H2 and C2H2 

products instead of more saturated C2H 4 and C4 HIO products. Particularly, this might be 

the main reason in achieving more I b formation under 02-containing system. Moreover, 

when comparing the ability to induce the H2 formation between pure oxygen and air, it 

was clearly observed that using air as an oxygen source provided the superior 

performance. 

The power consumptions of the investigated systems are comparatively shown 

In Figure 1.36. The power consumption for converting reactant for the system with 

oxygen addition tended to become lower than that without oxygen addition at the stage 

numbers more than 3 stages. However, the power consumption for producing hydrogen 

for the system with oxygen addition was obviously lower than that without oxygen 

addition at all stage numbers of plasma reactors. When considering the power 

consumptions at higher stage numbers in the case of adding pure oxygen and air, even 

though using pure oxygen as an oxygen source consumed slightly lower power for the 
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plasma system operation, the difference in both the power consumptions between the 

cases of two oxygen sources seemed to be plausibly insignificant and negligible due to 

their extremely small values. 

From these comparative results, it can be concluded that the addition of oxygen 

into the feed provided the positive effects on the reforming of CO2-containing natural gas 

with not only enhancing the reactant conversions, the desired product yield and 

selectivity, but also consuming comparatively lower energy consumption for producing 

hydrogen, ·as compared with the system without oxygen addition. In addition; the 

utilization of air as an oxygen source assisted in improving the reforming of 

COrcontail)i.ng natural gas more effectively than pure oxygen because it provided the 

better reacUnit conversions and better desired product yield and selectivity. Finally, from 

careful consideration of the overall results, it can also be reasonably concluded that the 3 

stages of plasma reactors were satisfactorily sufficient to achieve excellent process 

performance. The operation with a higher stage number was not required due to the 

insignificant enhancement of the performance. 

1.4. Conclusions 

The combined reforming and partial oxidation of C02-containing natural gas 

was investigated under two series of system with a constant feed flow rate and a constant 

residence time by using non-thermal multistage gliding arc discharge. The major products 

were mainly hydrogen and C2 hydrocarbons. In the case of the system without partial 

oxidation operated at a fixed flow rate, all reactant conversions, except CO2 conversion, 

as well as product yields and product selectivities, increased with increasing stage 

number of plasma reactors. This is because when increasing stage number of plasma 
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reactors, the reactants had longer residence time to collide with highly energetic electrons. 

For the system operated at a fixed residence time, the stage number of plasma reactors 

slightly affected the reactant conversions, product yields, and product selectivities 

because the reaction time of each stage number was the same, thereby resulting in the 

similar possibility of the reactants to collide with the highly energetic electrons. In the 

case of the system with partial oxidation, the number of plasma reactors provided the 

positive effects on the reactant conversions, product yields, and product selectivities, and 

also lower power consumption '",as consumed as compared with the system without 

partial oxidation. These can suggest that the oxygen molecules could be activated by the 

plasma and provide the oxygen. active species for extracting the H atom from the 

hydrocarbons via oxidative dehyd~ogenation, resulting in higher reactant conversions, 

desired product yields, and selectivities. The addition of air as oxygen source provided 

the better process performance for the CO2-containing natural gas reforming than that of 

pure oxygen. Moreover, the plasma system operated with 3 stages of plasma reactors led 

to the good process performance with acceptably high reactant conversions, high desired 

product yields, and low power consumptions . 

• 


49 




References 

1. 	 Jeong, RK., Kim, S.c. , Han, c., Lee, H., Song, H .K. , and Na, B.K. (2001). 

Conversion of methane to higher hydrocarbons in pulsed DC barrier discharge at 

atmospheric pressure. Korean Journal Chemical Engineering, 18(2), 196-201. 

2. 	 Li, M .W., Xu, G.R, Tian, Y.L., Chen, L., and Fu, H.F. (2004). Carbon dioxide 

reforming of methane using DC corona discharge plasma reaction. Journal of 

Physical Chemistry A, 108(10), 1687-1693. 

3. 	 Hwang, B.B., Yeo, Y.K., and Na, B.K. (2003) .. Conversion of CH4 and CO2 to 

syngas and higher hydrocarbons using dielectric barrier discharge. Korean 

Journal of Chemical Engineering, 20( 4), 631-63~. 

4. 	 Xu, R., Shi, K., Shang, Y, Zhang, Y, Xu; G., and Wei, Y (1999). A 

study on the reforming of natural gas with steam, oxygen and carbon 

dioxide to produce syngas for methahol feedstock. Journal of 

Molecular Ca talysis A: Chemical, 147, 41-46. 

5. 	 Juan-Juan , J., Roman-Martinez, M.C., and IJlan~Gomez, M.J. (2004). Catalytic 

activity and characterization of Ni/Ab03 and NiKlAb03 catalysts for CO2 

methane reforming. Appl ied Catalysis A: General, 264, 169-174. 

6. 	 Effendi, A., Zhang, Z.G., Hellgardt, K. , Honda, K. , and Yoshida, T. (2002) 

Steam reforming of a clean model biogas over NilAb03 in fluidized- and 

fixed-bed reactors. Catalysis Today, 77, 181-189. 

7. 	 Supat, K., Chavadej, S., Lobban L.L, and Millinson G.R. (2003). 

Combined steam reforming and partial oxidation of methane to 

synthesis gas under electrical discharge. Industrial & Engineering 

Chemistry Research, 42, 1654-1661. 

50 



8. Supat, K., Kruapong, A., Chavadej, S., Lobbon, L.L., and Mallinson, 

RG. (2003). Synthesis gas production from partial oxidation of 

• methane with air in AC electric gas discharge. Energy & Fuels, 17, 

• 474-418. 

9. Paulmier, T., and Fulcheri, L. (2005). Use of non-thermal plasma for 

hydrocarbon reforming. Chemical Engineering Journal, 106, 59-71. 

10. Chavadej, S., Kiatubolpaiboon, W., Rangsunvigit, P., and Sreethawong, T. 

(2007). A combined multistage corona discharge and catalytic syst.em for 

gaseous benzene removal. Journal of Molecular Catalysis A: Chemica-I, 263, 

128-136. 

11. Eliasson, B., Hirth, M., and Kogeischatz, U. (1987). Ozone synthesis 

from oxygen in dielectric barrier discharge. Journal of Applied 

Physics, 20, 1421-1437. 

12. Krawczyk, K., and Mtotek, M. (2001). Combined plasma-catalytic processing of 

nitrous oxide. Applied Catalysis B: Environmental, 30, 233-245. 

13. Rosacha, L.A., Anderson, G.K.. bechtold, L.A., Coogan, J.J., Heck, 

H.G., Kang, M., McCulla, W.H., Tennant, RA., and Wantuck, P.J. 

(1993). Treatment of hazardous organic wastes using silent discharge 

plasma. NATO ASI Series, 34, Part B. 

14. Rueangjitt, N., Akarawitoo, C., Sreethawong, T., and Chavadej, S. 

(2007) . Reforming of C02­containing natural gas using an AC gliding 

arc system: Effect of gas component in natural gas. Plasma 

Chemistry and Plasma Processing, 27, 559-576. 

51 



15. 	 Rueangjitt, N., Sreethawong, T., and Chavadej, S. (2008). Reforming 

of C02-containing natural gas using an AC gliding arc system: Effects 

of operational parameters and oxygen addition in feed. Plasma 

Chemistry and Plasma Processing, 28, 49-67. 

16. 	 Sreethawong, T., Thakonpat1hanakun, P., and Chavadej, S. (2007). Partial 

oxidation of methane with air for synthesis gas production in a multistage 

gliding arc discharge system. International Journal of Hydrogen Energy, 32, 

1067-1079. 

52 




• 


Part 2: Synthesis Gas Production from Reforming of COz-Containing 

Natural Gas with Steam Using an AC Gliding Arc Discharge System: 

Effects of Steam Addition in Feed and Operational Parameters 

(submitted to Plasma Chemistry and Plasma Processing) 

2.1 Introduction and Suryey of Related Literature 

In recent years, the energy demand around the world has markedly increased. As a 

result, many countries are aware of the shortage of fuels in the near future and have tried 

to encourage the use of alternative energy sources in order to reduce the demand for fossil 

fuels. Among the available fossil fuels, natural gas is currently considered to be an 

economical and substantial available resource, and it is becoming the most interesting 

alternative fuel for both community and industry. However, conventional natural gas 

reforming process (methane (CH4) reforming) is usually operated at elevated 

temperatures (600-800°C), which requires an intense energy input [1]. Moreover, metal 

catalysts are required for the enhancement of the reaction rates, and these catalysts are 

seriously deactivated by the impurities in feed hydrocarbons and by carbon deposits 

during the reactions. Non-thermal plasma has been proposed by several studies as an 

alternative technique to convert natural gas to more valuable products [2-9], because of 

its ability to induce chemical reactions at relatively low temperatures, leading to lowering 

energy consumption [10]. Gliding arc discharge is one of the effective types of 

non-thermal plasma, and it provides the most effective non-equilibrium characteristics 

with simultaneous high productivity and good selectivity [1]]. Therefore, gilding arc 

discharge was considered to be promising non-thermal plasma for reforming natural gas 
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in this study. 

, 


In our previous work [12,13], the challenging concept of the direct utilization of 

raw natural gas with a high CO2content was explored by using an AC low-temperature 

gilding arc discharge system, where the effects of each gas component in a simulated 

natural gas, operational parameters, and oxygen addition in feed were investigated . The 

results interestingly showed that the addition of a smal I amount of oxygen effectively 

minimized the carbon deposit on the electrode surface and inside the reactor wall , and 

also enhanced the performance of CO2-containing natural gas reforming in terms of 

reactant conversion , desired product selectivity, desired product yield, and power 

. consumption. Additionally, it was revealed that the addition of water in the form of steam 

to gaseous hydrocarbon feeds (e.g. methane and aliphatic hydrocarbons) improved the 

reaction rate, reactant conversion, product selectivity, and the ratio of hydrogen to carbon 

monoxide [J 4,15]. However, to our knowledge, the steam reforming of CO2-containing 

. natural gas with imitated compositions of real natural gas found in reservoirs using a 

gliding arc discharge system has never been investigated. Therefore, this present work 

aimed, for the first time, to examine the effects of hydrocarbons-to-steam molar ratio 

(steam content), total feed flow rate, applied voltage, and input frequency on reactant 

conversion, product selectivity, product yield , and power consumption for the reforming 

of CO2-containing natural gas with steam using a gliding arc discharge system. 

2.2 Procedure 

2.2.1. Reactant Gases 

The simulated natural gas used in this work consisted of CH4 , C2H6, C3Hg, and 

CO2, with a CH4:C2H6:C3} 19:C02 molar ratio of 70:5:5:20, and was specially 

manufactured by Thai Industry Gas (Public) Co., Ltd. 
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2.2.2. AC Gliding Arc Discharge System 

The schematic of a low-temperature gliding arc system used in this work is shown 

in Figure 2.1 . 

Syringe pump 
Mass now controller 

Condenser 

Power supply 

I 
I 
I 

L._C]+- . _ ._ ._.- .-._ ._. _ .-! 
Simulated 

Flow meter 
natural gas 

Figure 2.1 Schematic of gliding arc discharge system. 

The detail of the gliding arc reactor configuration was described in our previous 

work [12]. A glass tube with 9 cm OD and 8.5 cm ID was used as the gliding arc reactor, 

which consisted of two diverging knife-shaped electrodes. The electrodes were made of 

stainless steel sheets with a 1.2 cm width. The gap distance between the pair of electrodes 

was fixed at 6 mm. The steam fed into the system was achieved by vaporizing water at a 

controlled temperature of 120°C. A water flow rate was controlled by a syringe pump 

(Cole-Parmer). To prevent the water condensation in the feed line, the temperature of 

, 
Mixing chamber 1_ 

Gliding arc 

I 
r . -1~Lli----

Gas chromatograph 
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stainless tube from the syringe pump to a mixing chamber was maintained at 120 °C by 

• 


using a heating tape. The flow rate of the simulated natural gas was controlled by a mass 

flow controller with a transducer (AALBORG). A 7-J.lm stainless steel filter was placed 

upstream of the mass flow controller in order to trap any solid particles in the reactant gas. 

The check valve was also placed downstream of the mass flow controller to prevent any 

backflow. The reactant gas and steam were well mixed in the mixing chamber controlled 

at 120°C before being introduced upward into the reactor at atmospheric pressure. The 

compositions of the feed gas mixture and the outlet gas were quantitatively analyzed by 

an on-line gas chromatograph (HP, 5890) equipped with two separate columns, i.e. a 

Carboxen 1000 packed column and a PLOT AbO) "s" capillary column, which were 

adequate to detect all hydrocarbons, CO, CO2, and H2. 

The power supply unit consisted of three steps. For the first step, the domestic AC 

input of 220 V and 50 Hz was converted to a DC output of 70 V by a DC power supply 

converter. For the second step, a 500 W power amplifier with a function generator was 

used to transform the DC into AC current with a sinusoidal waveform and different 

frequencies. For the third step, the outlet voltage was stepped up by using a high voltage 

transformer. The output voltage and frequency were controlled by the function generator. 

The voltage and current at the low voltage side were measured instead of those at the 

high voltage side since the plasma generated is non-equilibrium in nature. The high side 

voltage and current were thereby calculated by mUltiplying and dividing by a factor of 

130, respectively. A power analyzer was used to measure power, current, frequency, and 

voltage at the low voltage side of the power supply unit. 

The feed gas mixture was first introduced into the gliding arc reactor without 

turning on the power supply unit for any studied conditions. After the compositions of 
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outlet gas became invariant, the power supply unit was turned on. The flow rate of the 

outlet gas was also measured by using a bubble flow meter. The outlet gas was analyzed 

by the on-line GC every 30 min. After the plasma system reached steady state with 

invariant outlet gas concentrations, the outlet gas was taken for analysis at least a few 

times every hour. The average data were used to assess the process performance of the 

studied gliding arc discharge system. 

The plasma system performance was evaluated from reactant conversions, 

product selectiyities, H2 and C2 yields, and power consumptions, as follows: 

The reactant conversion is defined as : 

( Moles of reactant in - I\.::!oles of reactant out)x ( ~ OO)
% Reactal1tconversion = ~---------------~~~ (1) 

I\lo1es of reactant in 

The selectivities of C-containing products are defined on the basis of the amount 

of C-containing reactants converted to any specified product, as stated in Equation 2. In 

the case of hydrogen product, its selectivity is calculated based on H-containing reactants 

converted, as stated in Equation 3: 

[P](Cp )(l [)O) 
% Selectivity for any hydrocarbon product 	 (2)

2:; [R](CR) 

[P](Hp)( lOO)
% Selectivity for hydrogen = 	 (3)

I[R} (HR ) 

where [P] moles of product in the outlet gas stream 

[R] 	 = moles of each reactant in the feed stream to be converted 

number of carbon atoms in a product molecule 
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= 	 number of carbon atom in each reactant molecule 

number of hydrogen atoms in a product molecule 

number of hydrogen atoms in each reactant molecule 

The yields of various products are calculated using the following equations: 

% C2 hydrocarbon yield = 


a:{% ClL;, % C]H6, %C3HS, ~o C02 .COUVefS10ns)J[2:(% C2H2, ~/o C2K, se:ect1\'iries») 

(4)

:(00) 

[L;(% CH4, % C~Hc\l C,{C3HS cOll\"ersions)][o/c, H2 selectivity]
% H2 yield = 	 (5)

(100) 

LI:(% CRt, ~.~ C2 H6,'% C3 HS , ~.'O C~ cOll\·ersions)][c<·oCO selecrj"ity]
% CO yield = --------,.--------------- ­ (6)

(100) 

The power consumption is 'calculated in a unit of Ws per C-containing reactant 

molecule converted and Ws per hydrogen molecule produced using the following 

equation: 

P>:60 
Power consumption = 	 (7) 

Nx~l 

where 	 P power (W) 

N Avogadro's number (6.02 x 1023 molecule g mole"l) 

M 	 rate of converted carbon in the rate of produced hydrogen 

molecules (g mole min"l) 
• 
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2.3 Results and Discussion 

In a plasma environment, the highly energetic electrons generated by gliding arc 

discharge collide with various gaseous molecules of hydrocarbons and CO2, creating a 

variety of chemically active radicals. All the possibilities of chemical pathways occurring 

under the studied conditions are expressed below to provide a better comprehensible 

understanding about the plasma reforming reactions of a CO2-containing natural gas with 

steam under AC non-thermal gliding arc discharge [12,13]: The radicals of oxygen active 

species and hydroxyl active species, as well as hydrogen,. ~re produced during the water 

dissociation reactions by the collisions with electrons (Equations 8-9). 

Electron-water collisions: 

e- + H20 - 0- + H2 (8) 

e- + H20 - OR + H (9) 

Additionally, the radicals of oxygen active species can be produced during the 

collisions of electrons on CO2, as shown in Equations 10 and 11. Moreover, the produced 

CO can be further dissociated by the collisions with electrons to form coke and oxygen 

active species (Equation 12). The simultaneous collisions between electrons and all 

hydrocarbons present in the feed to produce hydrogen and various hydrocarbon species 

for subsequent reactions are described by Equations 13-25. 

Electron-carbon dioxide collisions: 
• 

Dissociation reactions ofcarbon dioxide; 

e-+C02 - CO+O- (10) 
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e- + CO2 --+ CO + 0 + e- (11 ) 

• 


e-+CO --+ C + 0 + e- (12) 

Electron-methane collisions: 

e- + CH4 --+ CH3 + H + e- ( 13) 

e- + CH3 --+ CH2 + H + e- (14) 

e- + CH2 --+ CH + H + e- (15) 

e-+CH --+ C + H + e- ( 1·6) 

H+H --+ H2 (17) 

Electron-ethane collisions: 

e- + C2H6 --+ C2HS + H + e- (1.8) 

e- + C2Hs --+ C2H4 + H + e- (19) 

e- + C2H4 --+ C2H3 + H + e- (20) 

e- + C2H3 --+ C2H2 + H + e- (2i) 

e- + C2H6 --+ CH3 + CH3 + e- (22) 

Electron-propane collisions: 

e- + C3Hg --+ C3H7 + H+ e- (23) 

e- + C3H7 --+ C3H6 + H + e- (24) 

e- + C3Hg --+ C2Hs + CH3+ e- (25) 

The oxygen active species derived from the CO2 dissociation reaction can further 

extract hydrogen atoms from the molecules of hydrocarbon gases via the oxidative 

dehydrogenation reactions (Equations 26-39), consequently producing several chemically 

active radicals and water. 
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Oxidative dehydrogenation reactions: 

CH4 + 0 -----+ CH3 + OH (26) 

C2H6 + 0 -----+ C2HS + OH (27) 

C2Hs + 0 -----+ C2H4 +OH (28) 

C2H4 + 0 -----+ C2H3 + OH (29) 

C2H3 + 0 -----+ C2H2 + OH (30) 

C3HS + 0 -----+ C3H7 + OH (31 ) 

C3H7 + 0 -----+ C3H6 + OH (32) 

CH4 + OH -----+ CH3 + H2O (33) 

C2H6 + OH -----+ C2HS + H2O (34) 

C2HS + OH -----+ C2~+H20 (35) 

C2H4 + OH -----+ C2H3 + H2O (36) 

C2H3 + OH -----+ C2H2 + H2O (37) 

C3Hs + OH -----+ C3H7 + H2O (38) 

C3H7 + OH -----+ C3H6 + H2O (39) 

The C2Hs, C2H3, and C3H7 radicals can be further converted to form ethylene, 

acetylene, and propane either by electron collisions (Equations 19-21, and 24) or by the 

oxidative dehydrogenation reactions (Equations 28-30, 32-35, 37, and 39). The extracted 

hydrogen atoms immediately form hydrogen gas according to Equation 17. However, no 

propene is detected in the outlet gas stream [13]. It is, therefore, believed that the propene 

species is unstable and may possibly undergo further reactions (Equations 40 and 41) . 

Propene hydrogenation and cracking reactions: 
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C3H6 + H2 - C3HS (40) 

C3H6 - C2H2 + CH4 (41) 

.. In addition, the radicals of hydrocarbons and hydrogen derived from the earlier 

reactions further react with themselves and the other radicals to form ethane, ethylene, 

acetylene, propane, and butane, as shown in Equations 42-57. In addition, ethane can be 

further dehydrogenated to form ethylene, while ethylene can also be dehydrogenated to 

form acetylene by either electron collision or oxidative dehydrogenation (Equations] 8, 

19,27,28,34, and 35 for ethylene formation; and, Equations 20,21,29,30,36, and 37 

for acetylene formation). 

Coupling reactions of active species: 

Ethane formation reactions; 

CH3 + CH3 - C2H6 (42) 

C2HS + H - C2H6 (43) 

C2HS + C2Hs - C2I-h + C2H4 (44) 

C3H7 + CH3 - C2H6 + C2J---4 (45) 

Ethylene formation reactions; 

CI-1z + CH2 - C2H4 (46) 

, CH3 + CH3 - C2H4+ H2 (47) 

• C2Hs + H - C2H4 + H2 (48) 

C3H7 + H - C2H4 + CH4 (49) 

• 
Acetylene formation reactions; 

CH+CH - C2H2 (50) 
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• CH2 + CIb -7 C2H2+ Ib (51) 

CH3 + CII -7 C2H2 + H2 (52) 

• C2Hs + H -7 C2H2 + H2 + H2 (53) 

, 
C3H7 + H -7 C2H2+ CH4 + H2 (54) 

Propane formation reactions; 

C2HS 1- CH3 -7 C3H8 (55) 

Butane formation reactions; 

C2HS + C2Hs -7 C4H lO (56) 

C3H7 + CH3 -7 C4H1o (57) 

Moreover, CO can be produced under the studied conditions, particularly in feed 

with high oxygen content. CO may be mainly formed via the CO2 dissociation (Equations 

10 and II). Equations 58-62 show the partial oxidative pathways of methane to form CO 

and H2 as the end products. The formation of water is bel ieved to occur vi a the oxidative 

hydrogenation reactions (Equations 33-39). 1n addition, water can be formed by the 

reactions between hydrogen or hydrogen active radical and oxygen active radical, as 

shown in Equations 63-65 . 

Carbon monoxide formation reactions: 

CH3 + 0 -7 HCHO (58) 

, 
HCHO+O -7 OH+CHO (59) 

CHO+O -7 OH+CO (60) 

CHO+OH -7 CO + H2O (61 ) 

CHO+H -7 H2 +CO (62) 

63 



Water formation reactions: 

• 
• 

2H+O -----+ H2O (63) 

" 
H2 + 0 .-----+ H2O (64) 

H2 + Vz 0 -----+ H2O (65) 

Additionally, hydrocarbon molecules may crack to form carbon and hydrogen via 

cracking reactions (Equations 66-68). 

CH4 -----+ C + 2H2 . (66) 

C2H6 -----+ 2C + 3H2 (67) 

C 3Hs -----+ 3C + 4HL (68) 

2.3.1. Effect of Hydrocarbons-to-Steam Molar Ratio 

The experiments were performed to initially investigate the effect of 

hydrocarbons-to-steam molar ratio by varying steam content in feed in the range of 0-30 

mol%, while the other operating parameters were controlled at the base conditions [12]: a 

total feed flow rate of 100 cm 3/min, an input frequency of 300 Hz, an applied voltage of 

17.5 kV, and an electrode gap distance of 6 mm. Table 1 shows the corresponding 

hydrocarbons-to-steam molar ratios at various steam contents used in this work. 
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Table 2.1 The corresponding steam contents at various hydrocarbons-to steam 

molar ratio 

• 


Hydrocarbons-to-steam molar ratio 
Steam content (mol%) 

no steam 

911 

8.5/1.5 

8/2 

7/3 

0 

10 

15 

20 

25 

The effect of steam content on reactant conversions and product yields is shown 

in Figure 2.2a. When the steam content increased to 10 mol%, the conversions of CH4 , 

C2H6, C3Hs, and CO2, as well as the H2 yield, were remarkably enhanced as compared to 

the system without steam addition. Basically, in the plasma system, the steam plays an 

important role in providing several active species, such as OH, H, and 0, from its 

dissociation reactions resulted from the collision by electrons (Equations 8-9). These 

active species can activate all reactants to form various products, leading to increasing the 

rates of oxidative dehydrogenation reactions and coupling reactions (Equations 26-39 and 

42-57), as well as the increases in the conversions of CH4, C2H6, C3Hg, and CO2. 

However, a further increase in steam content greater than 10 mol% was found to exhibit 

negative effects on the process performance. It should be noted that the high-energy 

electrons directly collide with both hydrocarbons mixture and steam, with the amount 

directly relative to their concentrations. As a result there are the competitive collision 

reactions of electrons with both hydrocarbons and steam, leading to lowering the 
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possibility of electron-hydrocarbon collisions at a large steam content [15]. Hence, the 

conversions of CH4 , C2H6, and CO2, as well as the I-h yield, decreased . Moreover, a large 

steam content can alter the plasma characteristics and also reduce the stability of plasma, 

, 
which was directly observed from the discharge appearance and its behaviors (e .g. a 

smaller number of arcs produced with unsmooth arc patterns along the knife-shaped 

electrode pairs). 

Figu're: 2.2b shows the outlet gas concentrations as a function of steam cOntent. 

The concentrations of CH4, C2H6, and CO2 in the outlet gas tended to increase with 
. . 

increasing st~am content from 10 to 30 mol%, corresponding to the decreases in CH4 , 

C2H6, and .C02 conversions (Figure 2.2a). Interestingly, the concentration of C3HS 

decreased wi!h increasing steam content from 0-20 mol%, and increased with further 

increasing steam content, which corresponded well with the C3Hs conversion. In 

comparisons of all reactant conversions, the conversion was found in the following order: 

C3Hs> C2H6 > C}-~ > CO2. These results can be explained by the differences in the bond 

dissociation energies of C3H s, C2H6, CH4, and CO2, which are 395, 410, 431, and 532 

kJ/mol, respectively [12]. The higher the value of the bond dissociation energy, the lower 

the conversion. Thus, the C3Hg molecule can be much more easily converted in the 

plasma zone ' as compared to the other reactant components, even though the plasma 

characteristics and stability became more fluctuated at a large steam content. 

Figure 2.2c shows the effect of steam content on the product selectivities. The H2 

selectivity rapidly increased with increasing steam content up to 10 mol%, and then it 

gradually dropped in the steam content range of 10-30 mol%. These results indicate the 

significant effect of the presence of steam in the plasma system, as stated above. Both the 

selectivities for CO and C4H,o were found to slightly change with increasing steam 
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Figure 2.2 Effect of steam content on (a) reactant conversions and product yields, 

(b) concentrations of outlet gas, (c) product selectivities, and (d) product molar 

ratios for the reforming of natural gas with steam (total feed flow rate, 100 cm3/min; 

applied voltage, 17.5 kV; input frequency, 300 Hz; and electrode gap distance, 6 

mm). 
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content. The insignificant change of the CO selectivity agrees well with the CO yield, as 

shown in Figure 2.2a. The C2H2 selectivity slightly increased with increasing steam 

content up to 10 mol% and tended to decrease with further increasing steam content. On 

the other hand, the C2H4 selectivity showed an opposite trend. The results are well related 

to the molar ratios of C2H4/C2H2, H2/C2H2, and H2/C2H4 , as shown in Figure 2.2d. The 

molar ratio of C2fL/C 2H2 moderately decreased with increasing steam content to 10 

mol%, whereas the rapid increases in both the H2/C2H2· and H2/C2H4 molar ratios were 

observed. These results indicate that the increase in H2 p~oduction exceeds the increases 

in C2H2 and C2H4 production, partly due to the dehydrogenation of C2H4 to form H2 and 

C2H2. It can also suggest that at the steam content of 1Q:mol%, the dehydrogenation of 

C2H4 is more dominant than the coupling reactions of hydrocarbon active species, leading 

to the consumption of C2H4 for a large extent to produce H2. This possibly led to an 

overall decrease in the C2 yield when increasing steam content from 0 to 10 mol % 

(Figure 2.2a). As mentioned above, the contradictory selectivities for C2H2 and C2H4 

imply that the decrease in C2H4 selectivity had a more impact on the C2 yield than the 

C2H2 selectivity in the steam content range of 0 to 10 mol%. When the steam content 

increased from 10 to 20 moJ%, the C2 yield remained almost unchanged (Figure 2.2a). A 

possible explanation is that the dehydrogenation of C2H4 and the coupling reactions of 

hydrocarbon active species simultaneously occurred at approximately the same rate. 

Moreover, the further increase in steam content from 20 to 30 mol% decreased the C2 

yield. It can be explained by the fact that when the steam content increased, the system 

had lower electrons available to collide with the reactants. 

In comparisons of the H2/CO ratios, the H2 and CO concentrations in the outlet 

gas and the selectivities for H2 and CO at different steam contents, at the steam content of 
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10 mol%, the system provided the highest selectivity for Hz and the maximum molar 

ratios of H2/CO and H2/C2H4 , suggesting the synergistic effect of steam addition on both 

the reactant conversions and H2 yield, as indicated by the smoother and more stable 

gliding arc discharge phenomena. Therefore, the steam content of 10 mol% was 

preliminarily considered to be an optimum value for the reforming of CO2-containing 

natural gas using gliding arc. 

The effect of steam content on the power consumptions per reactant ·molecule 

converted and per H2 molecule produced is shown in Figure 2.3. Both power 

consumptions first rapid Iy decreased with increasing steam content to 10 mol%, but 

dramatically increased with further increasing steam content from 10 to 30 moi%. The 

10- 18minimum power consumptions were about 2.12 x Ws (13.23 eV) per~eactant 

molecule converted and 1.95 x 10- 18 Ws (12.15 eV) per H2 molecule produced at the 

steam content of 10 mol%. Interestingly, it can be clearly seen that at any steam content, 

the power consumption per H2 molecule produced was lower than that per reactant 

molecule converted, implying that the studied plasma system can be considered to be 

effective for producing hydrogen from the steam reforming of CO2-containing natural gas. 

From the overall results, the steam content of 10 mol% was selected for further 

investigation . 

.. 
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Figure 2.3 Effect of steam content on power consumptions for the reforming of 

natural gas with steam (total feed flow rate, 100 cmJ/min; applied voltage, 17.5 kV; 

input frequency, 300 Hz; and electrode gap distance, 6 mm) (Ec: power per reactant 

molecule converted; E H2 : power per H2 molecule produced). 

2.3.2. Effect of Total Feed Flow Rate and Residence Time 

The effect of total feed flow rate (or residence time) on reactant conversions and 

product yields at a constant steam content of 10 mol% is illustrated in Figure 2.4a. The 

corresponding residence times at various total feed flow rates of 75, 100, 125, and 150 

cm3/min were 1.83, 1.37, 1.10, and 0.91 s, respectively. An increase in the total feed flow 

rate results in decreasing the residence time in the plasma reaction zone, leading to 

decreasing the probability of collisions between reactant molecules and highly energetic 

electrons. As expected, the conversions of CH4, C2H6 , C3Hg, and CO2 tended to decrease 

with increasing total feed flow rate or decreasing residence time. Interestingly, the H2 

yield rapidly increased with increasing total feed flow rate from 75 to 100 cm3/min, and 

then sharply decreased with further increasing total feed flow rate from] 00 to 150 
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Figure 2.4 Effect of total feed flow rate on (a) reactant conversions and product 

yields, (b) concentrations of outlet gas, (c) product selectivities, and (d) product 

molar ratios for the reforming of natural gas with steam (steam content, 10 mol%; 

applied voltage, 17.5 kV; input frequency, 300 Hz; and electrode gap distance, 6 

mm). 
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cm3/min. These results well relate to the concentrations of outlet gases, particularly the 

H2 concentration, as shown in Figure 2.4b. However, the increase in total feed flow rate 

has an insignificant impact on the C2 and CO yields, as shown in Figure 2.4a. The 

concentrations of CH4, C2H6, C3Hg, and CO2 tended to increase with increasing total feed 

flow rate, whereas the concentrations of H2, CO, and C2H2 increased with increasing total 

feed flow rate from 75 to 100 cm 3/min and then decreased with further increasing total 

feed flow rate from 100 to 150 cm3/min. 

Figure 2 .4c shows the effect of total feed flow rate or residence time on the 

product selectivities at a constant steam content of 10 mol%. The selectivities for H2, CO, 

C2H2, and C4H 1o, initially increased with increasing total feed flow rate from 75 to 100 

cm3/min, and then sharply decreased with further increasing total feed flow rate fro~ 100 

3to 150 cm /min. In contrast, the C2H4 selectivity initially decreased with increasing total 

. feed flow rate from 75 to 100 cm3/min and then greatly increased with further increasing 

total feed flow rate from 100 to 150 cm3/min. These results also agree well with the 

concentrations of outlet gases, as shown in Figure 2.4b. The concentrations of H2, CO, 

C2H2, and C4H 1o were found to increase with increasing total feed flow rate from 75 to 

100 cm3/min and then decreased with further increasing total feed flow rate from 100 to 

150 cm3/min. On the other hand, the concentration of C2~ exhibited the opposite trend. 

This finding can be explained in that at a lower total feed flow rate, a greater number of 

energetic electrons, as well as various active species, essentially provided a 

comparatively higher possibility of the plasma-chemical dehydrogenation of hydrocarbon 

species (e.g. C2H4 and C2H6) to be converted to smaller molecules (e.g. C2H2, H2, and 

CO), as shown in Equations 27-30, 34-37, 53, 58-62. In contrast, at a higher total feed 
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flow rate, the possibility of secondary dehydrogenation of hydrocarbon species decreased 

because of the decreasing residence time in the plasma zone. However, a further decrease 

in feed flow rate from 100 to 75 cm 3/min resulted in lowering all the product selectivities 

and the product concentrations, except CzH4 . This result indicates that at the feed flow 

rate of 75 cm 3/min , the system had a very long residence time, leading to increasing the 

probability for the hydrogenation, or the reverse of the oxidative dehydrogenation, of 

C2H2 and the CO oxidation reaction. The maximum H2 and C2H2 selectivities were 

observed at the total feed flow rate of 100 cm 3/min (the residence time of 1.37 s), 

suggesting that the dehydrogenation reaction of C2H4 to form C2H2 and H2 preferably 

occurred and was maximized at this optimum total feed flow rate. 

The effect of total feed flow rate on the product molar ratios is illustrated in 

Figure 2.4d. With increasing total feed flow rate from 75 to 100 cm 3/min, the molar ratios 

of H2/CO and H2/C2H2 sharply decreased, then rapidly increased with increasing total 

feed flow rate from 100 to 125 cm 3/min and finally remained almost unchanged with 

further increasing total feed flow rate from 125 to 150 cm3/min. The molar ratio of 

C2H4/C2H2 slightly decreased with increasing total feed flow rate from 75 to 100 cm 3/min 

and then gradually increased with further increasing total feed flow rate to 150 cm3/min. 

In contrast, the molar ratio of H2/C2H4 slightly increased with increasing total feed flow 

rate from 75 to 100 cm 3/min and then decreased with further increasing total feed flow 

rate to 150 cm 3/min , which was in the opposite trend to the molar ratios of H2/CO, 

H2/C2H2, and C2H4/C 2H2. These results can be correlated well with the plasma-chemical 

dehydrogenation behavior as stated above that the dehydrogenation reaction of C2H4 to 

form C2H2 and H2, as well as the CO formation, preferably occurred at the total feed flow 

rate of 100 cm 3/min. 
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The effect of total feed flow rate on the power consumptions per reactant 

molecule converted and per H2 molecule produced is shown in Figure 2.5 . With 

increasing total feed flow rate from 75 to 100 cm3/min, the power consumed to convert 

hydrogen reactant molecules and to produce hydrogen molecule significantly decreased, 

probably resulting from the observed good characteristic and high stability of plasma 

generated at the total feed flow rate of 100 cm3/min. At a lower total feed flow rate (75 

cm 3/min), the steam in the reactant feed can change the dielectric property of the system, 

which subsequently led to a decrease in the stability of plasma, as above mentioned. 

However, with further increasing total feed flow rate from 1 00 to 150 cm3/min, the input 

power sharply increased . The increases in power consumptions at too high feed flow rates 

can be explained by the decreases in both reactant conversions and hydrogen production 

when the total feed flow rate was too high (too short residence time). Because, the 

minimum power consumptions were found at the total feed flow rate of 100 cm3/min, this 

total feed flowrate was selected for further investigation. 

2.3.3. Effect ofApplied Voltage 

In this present work, the effect of applied voltage was investigated by varying in the 

range of 12.5 to 18.5 kY. The corresponding input power at various applied voltages of 

12.5, 13.5, 15.5, 17.5, and 18.5 kV were 22.1,26.0,26.2, 28.3, and 28.5 W, respectively, 

noting that the amount of input power was given from the calculation. The highest 

operationable applied voltage of ] 8.5 kV was limited by the abrupt formation of coke 

filament on the surfaces of the two electrodes in a relatively short operation period, which 

resulted in a significant decrease in the stability of plasma, while the lowest operationable 

applied voltage of 12.5 kV was limited by the breakdown voltage of the studied plasma 

system, which is a minimum voltage value required to generate a steady plasma 
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discharges. 

Figure 2.6a shows the effect of applied voltage on the reactant conversions and 

product yields at a constant steam content of 10 mol%, an input frequency of 300 Hz, and 

electrode gap distance of 6 mm, and a constant total feed flow rate of 100 cm3/min. The 

results showed that the conversions of CH4, C2H6, C3Hg, and CO2, as well as the H2 and 

C2 yields, tended to increase with increasing applied voltage except the CO yield 

remained almost unchanged. It could be clearly observed that an increase in applied 

voltage induces a stronger electric field strength across the electrodes, as experimentally 
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observed by an increase in input current and power. More specifically, the electric field 

\ 

strength is simply proportional to the mean electron energy intensity and electron 

temperature in the plasma [13]. Thereby, at a higher voltage, the higher input power, the 

generated plasma contains not only electrons with a higher average energy and 

temperature but also has a higher electron density. Hence, as expected, the opportunity 

for the occurrence of elementary chemical reactions by electron collisions (mainly 

ionization, excitation, and dissociation of gaseous molecules) is increased (Equations 

8-25), resulting in an increase in the number of chemically active species being formed 

and sub-sequentially used to activate the plasma-chemical reactions [13-15, 17]. However, 

it was observed that the CO yield was insignificantly aff~cted by an increase in applied 

voltage (Figure 2.6a). These results suggest that the p~rtial oxidation pathways of 

methane to form CO and the dissociation reactions of carbon dioxide to form CO cannot 

complete with the other reactions. 

The effect of applied voltage on the concentrations of outlet gases is illustrated in 

Figure 2.6b. The concentrations of CH4, C2H6, C3Hg, and CO2gradually decreased with 

increasing applied voltage, whereas the concentration of H2 slightly increased. These 

results well agree with the CRt, C2H6, C3Hg, and CO2 conversions and the H2 yield. 

Figure 2.6c shows the effect of applied voltage on the product selectivities. The C2H2, H2, 

and CO selectivities initially increased with increasing applied voltage from 12.5 to 13.5 

kY and then decreased significantly with further increasing applied voltage from 13.5 to 

18.5 kY. On the contrary, the selectivities for C2H4 and C4H IO slightly decreased with 

increasing applied voltage from 12.5 to 13.5 kY and then tended to slightly increased 

with further increasing applied voltage. When considering the applied voltage range of 

12.5-13.5 kY, the selectivities for C2H2 and H2 increased, whereas the selectivities for 
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C2H4 and C4HIO showed the opposite trends, indicating that the C2H2 and H2 were 

preferentially produced from the dehydrogenation reactions of C2H4 and C4H IO . A 

possible explanation is that at a higher applied voltage of 13.5 kY, a higher electron 

.. density, as well as a subsequent more number of active species, led to the increase in 

opportunity for the secondary plasma-chemical dehydrogenations of C2H4 and C4HIO, 

resulting in the increase in the C2Hz and H2 selectivities. However, in the applied voltage 

range of 13.5-18.5 kY, the decreases in the Hz and CzHz selectivities with increasing 

applied voltage. This is because the amount of coke deposit on the electrode surfac~s was 

found to increase with increasing applied voltage in this studied range (7.46 % of coke at 

12.5 kY, 9.]5 % at 13.5 kY, 9.74 % at 15 .5 kY, 10.92 % at 17.5 kY, and 13.22 % at 18.5 

kY). This is possibly because at very high applied voltage, a large number of ·active 

species increased an opportunity for the secondary-dissociation reaction of CO2 t() form 

coke (Equation 12). In addition, the increasing tendency of the C2H4 and· C4H 10 

selectivities in this high applied voltage range implies that the dehydrogenation reactions 

are less likely to occur than the coupling reactions with increasing applied voltage. · 

The effect of applied voltage on the product molar ratios is shown in Figure 2.6d. 

The molar ratio ofH2/CO initially decreased with increasing applied voltage from 12.5 to 

13.5 kY and then significantly increased with further increasing applied voltage. In the 

applied voltage range of 12.5-13.5 kY, the selectivity of CO rapidly increased , as 

mentioned above, indicating that the increase in applied voltage enhanced the 
• 

dissociation reactions of CO2 (Equations 10-11). Additionally, the result implies that, in 

the low applied voltage range, the COz dissociation has a higher possibility to occur, as 

compared to the cracking of hydrocarbons to produce Hz and coke (Equations 66-68) . In 

the applied voltage range of 13.5-18.5 kY, the substantial increase in the molar ratio of 
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H2/CO was found with increasing applied voltage because both the CO dissociation, the 

cracking of hydrocarbons, and the dehydrogenation reactions of hydrocarbons have 

... higher possibilities to simultaneously occur, as compared to the C02 dissociation. These 

possible pathways are well confirmed by the observed increase in the amount of coke 

with increasing applied voltage. The molar ratio of H2/C2H4 slightly increased with 

increasing applied voltage from 12.5 to 13.5 kV and then tended to decrease with further 

increasing applied voltage. This can be explained in that in the low applied voltage range 

of 12.5-13.5 kV, C2H4 can be selectively dehydrogenated to form H2 via the secondary 

plasma-chemical dehydrogenation reaction due to the increase in the number of active 

species . However, at an applied voltage higher than 13.5 kV, the H2 selectivity was found 

to drastically decrease (Figure 2.6c). This led to the decreases in both the molar ratios of 

H2/C2H2 and H2/C2H4 (Figure 2.6c). Interestingly, the C2H4/C2H2 molar ratio tended to 

slightly increase with increasing applied voltage from 13.5 to 18.5 kV (Figure 2.6d), 

implying that the coupling reactions preferably occur than the dehydrogenation reactions. 

These results were confirmed by the increase in C2H4 concentration (Figure 2.6b). 

Figure 2.7 shows the effect of applied voltage on the power consumptions. The 

power consumption per reactant molecule converted (Ec) remained almost constant with 

increasing applied voltage from 12.5 to 13.5 kV, and it slightly increased with increasing 

applied voltage from 13.5 to 15.5 kV, and finally decreased with further increasing 

applied voltage. The decrease in power consumption per reactant molecule converted at 
• 

high applied voltage range is possibly due to the rapid increase in CH4, C2H6, and C3H8 

conversions (Figure 2.6a). The power consumption per H2 molecule produced (EH2) 
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Figure 2.7 Effect of applied voltage on power consumptions for the reforming of 

natural gas with steam (steam content, 10 mol%; total feed flow rate, 100 cm3/min; 

input frequency, 300 Hz; and electrode gap distance, 6 mm) (Ec: power per reactant 

molecule converted; E H2 : power per H2 molecule produced). 

tended to increase with increasing applied voltage from 12.5 to 17.5 kY and then 

decreased with further increasing applied voltage. The initial increase In the power 

consumption per H2 molecule produced can be explained by the decrease in hydrogen 

production (Figure 2.6c). From the overall results, the optimum voltage of 13.5 kY, which 

reasonably provided both high selectivities for H2 and CO and relatively low power 

consumptions, was selected for further experiments. 

2.3.4. Effect oflnput Frequency 

In this present work, the input frequency was experimentally varied in the range 

of 300-600 Hz. The corresponding input power at various input frequencies of 300, 400, 
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500, and 600 Hz were 26.0, 21.7, 19.7, and 19.2 watt, respectively. The limitation of the 

operationable lowest frequency of 300 Hz was due to the rapid formation of coke on the 

electrode surfaces, leading to the interruption of the plasma generation and stability, 

whereas the operationable highest frequency of 600 Hz was limited by the insufficient 

and unstable gliding arc discharges (i .e. the extremely small number of arc produced with 

unsmooth arc patterns along the electrode pairs). 

Figure 2.Sa illustrates the effect of input frequency on the reactant conversions 

and product yields at a constant steam content of 10 mol%, a total feed flow rate of 100 

cm3/min, and an applied voltage of 13 .5 kY, and an electrode gap distance of 6 mm. The 

experimental results clearly reveal that all of reactant conversions and product yields 

tended to decrease with increasing input frequency, corresponding to the increase in all 

reactant concentrations and the decrease in H2, C2H2, C21-W, and CO concentrations in the 

outlet gas (Figure 2.Sb). The measured current across the electrodes and input power 

were found to gradually decrease with increasing input frequency from 300 to 600 Hz. It 

.. 	 is widely accepted that in an alternating current discharge system, each electrode acts 

alternately as an anode and cathode, due to the reversal in polarity of the electric field, 

and the current periodically reverse in direction . A higher frequency and a faster reversal 

rate in the current can cause a slower decay rate of space charges (electrons and ions) 

[13,17-19]. According to this reason, when employing a constant applied voltage and a 

fixed electrode gap distance, the current consumed to continuously activate and maintain 

the plasma discharge is reduced with increasing input frequency. As a result, the higher 

the input frequency, the lower the current, the lower the number of generated electrons 

and the lower the number of generated active species to initiate the plasma-chemical 

reactions. Based on the aforementioned phenomena relating to the input frequency, the 
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space charge characteristic of the alternating current discharge is a decisive factor that 

greatly influences the behaviors of discharge and the efficiency of the plasma-chemical 

reactions . By taking this reason into account, when the input frequency was increased, the 

decreases in all reactant conversions and product yields possibly resulted from the 

reduction of the number of generated electrons to activate the chemically active species 

[14,21 ]. 

The effect of input frequency on the product selectivities is shown in Figure 2 .8c. 

With increasing input frequency, all the product selectivities except C2H2 tended to 

increase, especially the CO selectivity: However, when correlatively considering H2, 

C2H4, and C4HIO concentrations (Figure 2 .8b), they slightly decreased with increasing 

input frequency. These results suggest that even though the reactant conversions were 

found to decrease, the reactants tended to be converted more selectively to H2, CO, C2~, 

and C4H IO. For the C2H2 selectivity, it initially decreased with the increasing input 

frequency from 300 to 500 Hz and then increased with increasing input frequency from 

500 to 600 Hz. The initial decrease in the C2Hz selectivity in the input frequency range of 

300 to 500 Hz corresponded well to the decrease in the C2H2 concentration (Figure 2.8b). 

The decrease in C2H2 selectivity implies that the electron collisions with C2H4, C2H6, and 

C3Hg (Equations 13-24) and oxidative dehydrogenation reactions (Equations 2] -39) are 

preferable to occur at a lower frequency (i.e. 300 Hz). For the CO concentration, it 

slightly increased with increasing input frequency from 300 to 500 Hz and then decreased 

with further increasing input frequency. These results suggest that increasing input 

frequency in the range of 300 to 500 Hz enabled the occurrence of carbon dioxide 

dissociation reactions and the oxidative dehydrogenation reactions of methane to form 

CO. Afterwards, at the higher input frequency range of 500-600 Hz, the number of active 
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species was reduced due to the undesired phenomena of space charge characteristic, as 

mentioned above, causing the reduction of input power. Therefore, all of the product 

concentrations tended to decrease. 

Figure 2 .8d shows the effect of input frequency on the product molar ratios. The 

H2/C 2H2 and H2/C2 H4 molar ratios gradually increased with increasing input frequency 

from 300 to 500 Hz and then rapidly decreased with further increasing input frequency. 

These results i"mply that the increase in input frequency resulted in the decreases in C2H2 

and C2H4 formation rather than the decrease in H2 formation. This led to the increase in 

H2/C2H2 and H~/C2H4 molar ratios, despite the decrease in the H2 concentration (Figure 

2.8b). With increasing input frequency, the C2H4/C2H2 molar ratio remained almost 

unchanged, implying that the tendency of C2H2 and C2H4 formation is in the same 

direction, which is consistent with the trend of H2/C 2H2 and H2/C2H4 molar ratios. These 

.. 
results indicate that the oxidative dehydrogenation reactions, the electron-ethane 

collisions (Equations 19-21), and the coupling reactions of active species occur more 

preferentially at a low input frequency. For the H2/CO molar ratio,it sharply decreased 

with increasing input frequency in the investigated range, probably resulted from the 

gradual decrease in H2 concentration and the almost constant concentration of CO in the 

outlet gas stream (Figure 2.8b). 

The effect of input frequency on the power consumptions is shown in Figure 2.9. 

It was clearly found that with increasing input frequency, both power consumptions per 

reactant molecule converted (Ee) and per H2 molecule produced (EH2) tended to increase . 

, 	 This is plausibly due to the decreases in quantities of converted reactants and of produced 

hydrogen when the input frequency increased . It was found that, with increasing input 

frequency, the intensity of the arc generated between the electrodes was reduced . This is 
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Figure 2.9 Effect of input frequency on power consumptions for the reforming of 

natural gas with steam (steam content, 10 mol%; total feed flow rate, 100 cm3/min; 

applied voltage 13.5 kV; and electrode gap distance, 6 mm) (Ec: power per reactant 

molecule converted; EH2: power per H2 molecule produced). 

likely because the larger number of sine-waveform cycles per second (high frequency) 

may require higher input energy to sufficiently sustain the gliding arc discharge, thereby 

reducing the intensity of the produced arc. From the overall experimental results, the 

operationable lowest frequency of 300 Hz was considered to be an optimum value for this 

investigated plasma system because it provided the highest H2 yield, the lowest power 

consumptions per reactant molecule converted and per H2 molecule produced, and the 

high stable plasma discharge during the system operation. , 
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2.4 Conclusions 

• 	 In this work, the reforming of CO2-containing natural gas with steam was 

investigated under an AC gliding arc discharge system. The effects of 

hydrocarbons-to-steam molar ratio, total feed flow rate, applied voltage, and input 

frequency on the synthesis gas and C2 hydrocarbon production were examined. The 

addition of steam content of 10 mol% to the simulated natural gas was found to greatly 

enhance the natural gas reforming performance in terms of reactant conversions, product 

yields, product selectivities, and power consumptions. All , <?f the reactant conversions 

tended to increase with increasing applied voltage. However, i'n the applied voltage range 

of 13 ,5-18.5 kY, the decreases in both H2 and C2H2 selectiv!t)es resulted from the direct 

observation of the rapidly increased amount of coke formed on the electrode surfaces. 

The increase in input frequency showed the negative effect on the reactant conversions, 

as well as the product yields. The optimum conditions ofthe investigated gliding arc 

discharge system were found at a hydrocarbons-to-steam molar ratio of 911 (a steam 

content of 10 mol%), a total feed flow rate of 100 cm 3/min, an applied voltage of 13.5 kY, 

and an input frequency of 300 Hz. 

.. 
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a 	 Part 3: Synthesis Gas Production from CO2-Containing Natural Gas by 

Combined Steam Reforming and Partial Oxidation in an AC Gliding 

, Arc Discharge (submitted to Plasma Chemistry and Plasma Processing) 

3.1 Introduction and Survey of Related Literature 

In the recent years, research on the natural gas conversion to synthesis gas and 

fuels by using reform ing processes has been extensively investi gated [1-6]. These studies 

have been based on the reforming of pure CH4 while natural gas contains not only CH4 

but also significant amount of ~thane (C2H6), propane (C3Hs) and carbon dioxide (C02). 

It is known that most natural gas, with a high concentration of carbon dioxide, has been 

found in Asia [7]. Hence, the reforming of natural gas composed of various components 

without a separation process is of great interest since it can result in a reduction of the 
• 

high cost of the separation process and the net emission of CO2. 

Several techniques, such as steam reforming and partial oxidation, have been 

developed for methane reforming; however, they still possess some problems and 

constraints. The most extensively investigated method for hydrogen (H2)1synthesis gas 

production from methane is steam reforming. Methane reforming with steam is a direct 

reaction between steam and methane to achieve a gaseous product with a higher H2 

content (Equation 1). Since steam methane reforming is a highly endothermic reaction, a 

huge amount of supplied energy is required. The reaction normally takes place over a 

nickel catalyst at very high temperatures of about 425-550 °C [8]. 

, 
(1) 

The partial oxidation of methane is also an attractive alternative to converting 
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methane to I h/synthesis gas. This reaction is an exothermic reaction (Equation 2); 

therefore, it can reduce the energy demand for the reforming reaction [9]. 

CH.j + ~O: -+ CO .l- R~ 1H?n = -36 kJ'mol (2) 

Apart from the aforementioned conventional processes, non-thermal plasma is a 

new efficient technique, which can be used for successfully converting natural gas into 

synthesis gas as well as other valuable products. Under ambient temperature and pressure, 

it provides highly active species (electrons, ions, and free radicals), which can initiate 

natural gas reforming reactions lIO]. The gliding arc discharge originates from an 

auto-oscillating phenomenon that develops between at least two diverging electrodes 

submerged in a laminar or turbulent gas flow. The discharge statts as thermal plasma, and 

it quickly becomes non-thermal plasma during the space and time evolution. This 

powerful and energy-efficient transition discharge combines the benefits of equilibrium 

and non-equilibrium discharge characteristics in a single discharge pattern. So far, there 

are several research studies reporting the utilization of plasma discharge for hydrocarbon 

reforming [11-21] ; however, to our knowledge, there have been no report on the 

combination of steam reforming and partial oxidation of COz-containing natural gas by 

using the gliding arc discharge system. 

Therefore, the main objective of this work was to determine the roles of the 

gliding arc discharge plasma, in conjunction with the combined steam and partial 

oxidation, on the CO2-containing natural gas reforming to produce synthesis gas. The 

experiments were systematically carried out to investigate the effects of several operating 

parameters, including the hydrocarbons (HCs)-to-02 feed molar ratio, applied voltage, 

input frequency, and electrode gap distance, on reactant conversions, product selectivities 
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and yields, and power consumptions in order to obtain optimum conditions for maximum 

synthesis gas production. 

3.2 Procedure 

3.2.1. Reactant Gases 

The simulated natural gas used in this work consisted of CH4, C2H6, C3Hs, and 

specially manufactured by Thai Industry Gas (Public) Co., Ltd. 

3.2.2. AC Gliding Arc Discharge System 

The schematic of a low-temperature gliding arc system used in this work is shown 

in Figure 3.1. 
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Figure 3.1 Schematic of gliding arc discharge system. 
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The detail of the gliding arc reactor configuration was described in our previous 

work [12]. A glass tube with 9 cm OD and 8.5 cm ID was used as the gliding arc reactor, 

which consisted of two diverging knife-shaped electrodes. The electrodes were made of 

stainless steel sheets with a 1.2 cm width. The gap distance between the pair of electrodes 

was fixed at 6 mm. The steam fed into the system was achieved by vaporizing water at a 

controlled temperature of 120°C. A water flow rate was controlled by a syringe pump 

(Cole-Parmer). To prevent the water condensation in the feed line, the temperature of 

stainless tube from the syringe pump to a mixing chamber was maintained at ] 20°C by 

using a heating tape. The flow rate of the simulated natural gas was controlled by a mass 

flow controller with a transducer (AALBORG). A 7-~m stainless stee./ filter was placed 

upstream of the mass flow controller in order to trap any sol id particles in the reactant gas. 

The check valve was also placed downstream of the mass flow controller to prevent any 

backflow. The reactant gas and steam were weIl mixed in the mixing chamber controlled 

at 120°C before being introduced upward into the reactor at atmospheric pressure. The 

compositions of the feed gas mixture and the outlet gas were quantitatively analyzed by 

an on-line gas chromatograph (HP, 5890) equipped with two separate columns, i.e. a 

Carboxen 1000 packed column and a PLOT AhO) "s" capillary column, which were 

adequate to detect all hydrocarbons, CO, CO2, and H2. 

The power supply unit consisted of three steps. For the first step, the domestic AC 

input of 220 V and 50 Hz was converted to a DC output of 70 V by a DC power supply 

converter. For the second step, a 500 W power amplifier with a function generator was 

used to transform the DC into AC current with a sinusoidal waveform and different 

frequencies. For the third step, the outlet voltage was stepped up by using a high voltage 

transformer. The output voltage and frequency were controlled by the function generator. 
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The voltage and current at the low voltage side were measured instead of those at the 

high voltage side since the plasma generated is non-equilibrium in nature. The high side 

voltage and current were thereby calculated by multiplying and dividing by a factor of 

130, respectively. A power analyzer was used to measure power, current, frequency, and 

voltage at the low voltage side of the power supply unit. 

The feed gas mixture was first introduced into the gliding arc reactor without 

turning on the power supply unit for a·n~ studied conditions. After the compositions of 

outlet gas became invariant, the power supply unit was turned on. The flow rate of the 

outlet gas was also measured by using a bubble flow meter. The outlet gas was analyzed 

by the on-line GC every 30 min. Aft~r the plasma system reached steady state with 

invariant outlet gas concentrations, the' qutlet gas was taken for analysis at least a few 

times every hour. The average data were used to assess the process performance of the 

studied gliding arc discharge system. 

3.2.3. Reaction Performance Calculation 

The plasma system performance was evaluated from reactant conversions, 

product selectivities, H2, CO, and C2 yields, and power consumptions. The reactant 

conversion is defined as: 

(Ivioies of reactant in - ~lo1es ofreactant out) x (i 00) 
% Reactant conversion = -'------------------'-----'- (I) 

~..101es of reactant in 

The selectivity of any C-containing product is defined on the basis of the amount 

of C-containing reactants converted to any specified product, as stated in Equation 2. The 

percentage of coke formed can be calculated from the difference between the total 

reactant conversions and total C-containing products, as given in Equation 3. In the 
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instance of the H2 product, its selectivity is calculated based on the amount of 

H-containing reactants converted, as stated in Equation 4: 

% Selectivity for any hydrocarbon product 
[p) (Cp)(l 00)

= --=---­
~[R](CR) 

(2) 

% Selectivity for hydrogen 
[P](Hp)(lOO) 

= 
~[R](I1R) 

(3) 

.­
• 

where [P] moles of product in the outlet gas stream 

[R] = moles of each reactant in the feed stream to be converted 

Cp number of carbon atoms in a product molecule 

CR number of carbon atom in each reactant molecule 

Hp number of hydrogen atoms in a product molecule 

HR = number of hydrogen atoms in each reactant molecule 

The yields of various products are calculated using the following equations: 

% C2 hydrocarbon yield = 

[2:(% CRi , % C:2 H6, % C3 HS ; % C02 cCHlversions) ][I(% C2H2, % C2Ii1 selectivities)] 

(100) 
(4) 

• (5) 

[2:(-:"0 CH~, o/~ C2H6, % C3Hs , ~o C02 con"ersions)J[o. ~ CO selectivity]
% CO yield = (6)

(100) 


The power consumption is calculated in a unit of Ws per C-containing reactant 
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molecule converted and Ws per hydrogen molecule produced using the following 

equation: 

px60 
Power consumption = (7)

NxM 

where 	 P power (W) 

N Avogadro's number (6.02 x 1023 molecule g mole-') 

M 	 rate of converted carbon in the rate of produced hydrogen 

molecules (g mole min-i) 

3.3 Results and Discussion 

In order to obtain a better understanding of the chemical reactions in a plasma 

environment, the possibilities of all chemical pathways, which occurred by the collisions 

between electrons and all reactants introduced in to the feed to produce H2 and various 

hydrocarbon species are hypothesized as the following reactions [8, 10]: 

Electron-carbon dioxide collisions: 

e- + CO2 - CO+O- (9) 

e- + CO2 CO+O+e- (10) -
• e-+ CO - C + 0 +e-	 (II) 

Electron-methane collisions: 

e- + CH4 - CH3 + H + e- (12) 

e- + CH3 - CH2 + H + e- (13) 

e- + CH2 - CH + H + e- (14) 

96 



(IS) 


Electron-ethane collisions: 

e- + C2H6 --t 

e- + C2HS --t 

e- + C2H4 --t 

e- + C2H3 --t 

e- + C2H6 --t 

C2HS + H + e­

C2H4 + H + e­

C2H3 + H + e­

C2H2 + H + e­

CH3 + CH3 + e-

Electron-propane collisions: 

e- + C3lIg --t C3H7 + H + e-

e- +C3Ih --t C3H6 + H + e-

e- + C3Hg --t C2Hs + CH3 + e­

Electron-water collisions: 

(16) 

( 17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

• 


Under the presence of oxygen, several chemical reactions can be initiated in the 

plasma environment as follows: 

Dissociative attachment: 

e- + O2 --t 20 + e- --t 0- + 0 (27) 

Attachment: 

e- + O2 --t O2- (28) 

Dissociation: 

e- + O2 --t 20 + e- (29) 

Oxidative dehydrogenation reactions: 

(30) 
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C2H6 + 0 (0-, O2-) ~ C2HS + OH (OH-, H02-) (3] ) 


C2HS + 0 (0-, O2-) ~ C2H4 + OH (OR, H02-) (32) 


C2H4 + 0 (0-, O2-) ~ C2H3+ OH (OR, H02-) (33) 


~ C2H3+ 0 (0-, O2-) ~ C2H2 + OH (OH-, H02-) (34) 


C3Hg + 0 (0-, O2-) ~ C3H7 + OH (OR, H02") (35) 


C3H7 + 0 (0-, O2-) ~ C3H6 + OH (OR, H02-) (36) 


CH4 + OH (0-, O2-) ~ CH3 + H20 (OR, H02-) (37) 


C2H6 + OH (0-, O2-) ~ C2Hs + H20 (OR, H02-) (38) 


C2Hs + OH (0-, O2-) - C2H4 + H20 (OH-, H02-) (39) 


C2H4 + Oll (0-, 02-) - C2H3 + H20 (OR, H02-) (40) 


C2H3 + OH (0-, O2-) ~ C2H2 + H20 (OH-, H02-) (41 ) 


C3Hs + OH (0-, O2-) ~ C3H7 + H20 (OR, H02-) (42) 


• C3H7 + OH (0-, O2-) ~ C3H6 + H20 (OR, H02-) (43) 

All the active species formed from either electron collisions and oxidative 

reactions can further react to form various products as follows: 

Coupling reactions of active species: 

Ethylene (C2H4) formation; 

CH2+ CH2 - C2H4 (44) 

CH3 + CH3 ~ C2H4 + H2 (45) 

C2Hs + H ~ C2H4 + H2 (46) 

C3H7 + H ~ C2H4 + CH4 (47) 

Acetylene(C2H2) formation; 

CH + CH ~ C2H2 (48) 
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CH2 + CI12 ---4 C2H2 + H2 	 (49) 

CH3 + CH ---4 C2H2 + H2 	 (50) 

~ 	 C2HS + H ---4 C2H2 + H2 + H2 (51 ) 

C3H7 + H ---4 C2H2 + CH4 + H2 (52) 

Butane (C4H ro) formation; 

C21 Is + C2HS ---4 C4HIO (53) 

C3H7 + CH3 ---4 C4H 1O (54) 

Carbon monoxide (CO)jormation: 

CH3+ 0 ~ HCHO+H (55) 

HCHO+O ---4 OH+CHO (56) 

CHO+O ---4 OH+CO (57) 

CHO+OH ---4 CO + H2O (58) 

.---4CHO+H H2+CO 	 (59) 

3.3.1. Effect of the Hydrocarbons (HCs)-to-02 Feed Molar Ratio 

Typically, the HCs-to-02 feed molar ratio in the natural gas feed mixture has a 

considerable impact on the plasma characteristics (i .e. breakdown voltage, electrical 

conductivity, and physical appearance) and the plasma stability, depending on the 

properties of each gas component. In this work, the experiments were initially performed 

by varying the O2 content in the feed to obtain various HCs-to-02 feed molar ratios of 211, 

311,411,611, and 9/1 , while the other operating parameters were controlled at the base 

conditions (a steam content of 10 mol%, a total feed flow rate of 100 cm3/min, an applied 

voltage of 13.5 kY, an input frequency of 300 Hz, and an electrode gap distance of 6 mm) 
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[23]. In this plasma system, a HCs-to-02 feed molar ratio lower than 211 was not 

investigated since it is close to the explosion lone. 

Figure 3.2 shows the process performance of the studied gliding arc system as a 

function of the HCs-to-02 feed molar ratio. A decrease in the HCs-to-02 molar ratio (a 

lower HCs-to-02 feed molar ratio means a higher O2 content) significantly enhanced both 

the conversions of all reactants (except CO2) and the yields of H2, CO, and C2. The 

results can be explained by the fact that, when O2 presents in the plasma system, it plays 

an important role in providing O2 active species from the dissociative attachment 

reactions, as shown in Equations 27-29. These O2 active species can further activate all 

reactants by oxidative dehydrogenation reactions (Equations 30-43), leading to an 

, I increase in the conversions of CH4, C2H6, and C3Hs, as well as the H2, CO, and C2 yields. 

An increase in O2 content in the feed (decreasing HCs/02 feed molar ratio) results in the 

, I 
enhancement of a complete combustion reaction, leading to a decrease in CO2 

conversion. 

As shown in Figure 3.2b, the CH4, C2H6, and C3HS concentrations in the outlet 

gas decrease significantly with decreasing IICs-to-02 feed molar ratios whereas the 

concentration of CO increases drastically with a slight increase in H2 concentration. 

Interestingly, the CO2 conversion decreased with the decreasing HCs-to-02 feed molar 

ratio. As mentioned before, when decreasing the HCs-to-02 feed molar ratio, the increase 

in oxygen provides a higher possibility for the oxidation of hydrocarbons to CO2. 

Therefore, negative aspect of the CO2 conversion at the lowest HCs-tO-02 feed molar 

ratio of 211 suggests that the system provides a higher formation rate of CO2 by the 

complete hydrocarbon oxidation than the CO2 reduction rate by the reforming reactions 

[10] . In comparisons between the two cases of without and with O2 addition in the feed , 
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Figure 3.2 Effects of HCs-to-02 feed molar ratio on (a) reactant conversions and 

product yields, (b) concentrations of outlet gas, (c) product selectivities, (d) product 
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molar ratios, and (e) power consumptions and coke formation under studied 

conditions: steam content, 10 mol%; total feed flow rate, 100 cm3/min; applied 

voltage, 13.5 kV; input frequency, 300 Hz; and electrode gap distance, 6 mm (Ec: 

power per reactant molecule converted; E H2 : power per H2 molecule produced). 

the O2 addition in the feed with any HCs-to-02 feed molar ratio lower than 411 (high O2 

content range) potentially contributes to the positive effect of the enhancement of the 

reactant conversions, with the exception of the CO2 conversion, and the H2, CO, and C2. 

yields, as well as the H2 and CO selectivities. 

The effect .Qf the HCs-to-02 feed molar ratio on product selectivities is shown in . 

Figure 3.2c. The· s.electivities for C2H4, C4H IO, and H2 tended to decrease with the 

decreasing HCs-to-02 feed molar ratio, whereas the CO selectivity increased drastically. 

As mentioned earlier, the higher the number of oxygen active species, the higher the 

opportunity for oxidative dehydrogenation reactions, consequently producing several 

intermediated species and water. Some of intermediate species (i.e. C2H5 and C2H3) can 

be further reacted to form C2H4 and C2H2 either by electron collisions (Equations 18, 20) 

and/or by oxidative dehydrogenation reactions (Equations 32, 34). In addition, the 

radicals of hydrocarbons and hydrogen derived from the earlier reactions may possibly 

react further to combine with one another via coupling reactions to form H2, C2H2, C2H4, 

and C4H 10, as shown in Equations 44-54. Hence, with the decreasing tendencies of the H2, 

C2H2, C2H4, and C4H IO selectivities with decreasing HCs-to-02 feed molar ratios infer 

that the opportunity for coupling reactions to form higher hydrocarbon molecules is less 

favorable at a lower HCs-to-02 feed molar ratio. The increase in the CO selectivity with 

decreasing HCs-to-02 feed molar ratio can be explained by the fact that the higher 0 and 
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OH active specIes may possibly provide a higher possibil.ity of the partial oxidative 

pathways forming CO as an end product (Equations 55-59). 

Figure 3.2d shows the effects of the HCs-tO-02 feed molar ratio on various 

.. product molar ratios. The molar ratios of H2/CO, H2/C2H2, and C2H4/C2H2 tended to 

decrease with decreasing HCs-tO-02 feed molar ratios, while the H2/C2H4 molar ratio 

showed the opposite trend. These results correspond well to the decreases in the H2, C2H4, 

and C4H IO selectivities and the increase in the CO selectivity with the decreasing 

HCS-tO-02 feed molar ratio. The increase. in the H2/C2H4 molar ratio with the increasing 

O2 ratio in the system (decreasing the HCs-tO-02 feed molar ratio) implies that the 

oxidative dehydrogenation reactions or hydrocarbons to form smaller hydrocarbon 

molecules have higher possibilities to siin'~ltaneously occur, as compared to the coupling 

reactions of active species to form large hydrocarbon molecules. 

The effects of the HCs-tO-02 feed ' molar ratio on power consumptions and coke 

formation are illustrated in Figure 3.2e. The power consumptions of both per reactant 

molecule converted and per H2 molecule produced declined drasticaJly with the 

decreasing HCs-tO-02 feed molar ratio. The drop in both power consumptions can be 

explained by the increases in the CH4, C2H6, and C3HS conversions and H2 yield (Figure 

3.2a). Moreover, a decreasing tendency of coke deposition on the electrode surfaces and 

inner reactor glass wall could be observed at lower HCs-tO-02 feed molar ratios (with 

higher O2 contents). From the overall results, the optimum HCs-to-02 feed molar ratio of 

21 I , which reasonably provided both higher H2 yield and selectivity with extremely low 

power consumptions, was selected for further investigation. It is interesting to point out 

that the addition of oxygen cannot reduce the power consumption but it can significantly 

decrease coke formation . 
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3.3.2. Effect of Applied Voltage 

In general, the applied voltage plays a significant role on plasma behaviors and 

subsequent plasma chemical reaction performance. For the investigated plasma system, 

the highest operating applied voltage of20.5 kV was limited by the plasma instability and 

thereby the extinction of gliding arc discharges due to a very large amount of rapid coke 

deposited on the electrode surface. The lowest applied voltage (break-down voltage) to 

generate steady plasma was found at 13 .5 k V. Hence, the experiments were carried out to 

investigate the effect of applied voltage in the range of 13 . 5~20. 5 kV, while the other 

operating parameters were kept constant at a steam content of 10 mol%, a HCs-to-02 feed 

molar ratio of 211, a total feed flow rate of 100 cm 3/min, an inp:ut frequency of 300 Hz, 

and an electrode gap distance of 6 mm. The effects of applied'. voltage on the reactant 

conversions and product yields are demonstrated in Figure 3.3a.. The conversions of CH4 , 

C2H6, C3H8, and 0 2, as well as the H2 and CO yields, steadily .·lricreased with increasing 

applied voltage. However, the CO2 conversion remained almost unchanged in the studied 

range of applied voltage. These reactant conversion results were consistent with the 

decreases in the CH4, C2H6, C3Hs, and O2 concentrations in the outlet gas, as well as the 

increases in H2 and CO concentrations (Figure 3.3b). Fundamentally, an increase in the 

applied voltage for a plasma system directly corresponds to a stronger electric field 

strength across the electrodes, resulting in higher electron density or higher input energy .. 
(current) to the system [10], as indicated in Figure 3 .3c. Increasing applied voltage leads 

to an increased opportunity for the occurrence of elementary chemical reactions by 

electron collision, by resulting in increases in all the conversions of CH4, C2H6, C3H8, and 

O2, as well as the H2 and CO yields. The unchanged CO2 conversion and CO2 
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Figure 3.3 Effects of applied voltage on (a) reactant conversions and product yields, 

(b) concentrations of outlet gas, (c) generated current, (d) product selectivities, (e) 

product molar ratios, and (1) power consumptions and coke formation under studied 
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conditions: steam content, 10 mol%; HCs/02 feed molar ratio, 2/1; total feed flow 

rate, 100 cm3/min; input frequency, 300 Hz; and electrode gap distance, 6 mm (Ec: 

power per reactant molecule converted; EH2 : power per H2 molecule produced). 

concentration in the product gas suggest that the rate of CO2 reforming by plasma should 

be equal to the rate of CO2 formation by the complete combustion reaction. In the applied 

voltage range of 18.5-20.5 kY, the slight increases in the CH4, C2H6, C3Hg, and O2 

conversions and the H2 and CO yields can be credited to the increase in coke formation 

(as shown later), which was observed to be an obstacle to maintaining steady plasma 

behavior. Besides, it was found that increasing applied voltage had an insignificant 

impact on the C2 yield, possibly, suggesting that the C2 yield was independent of an 

applied voltage in the investigated range. 

Figure 3.3d presents the effects of applied voltage on the product selectivities. 

The H2, C2H4, and C4H IO selectivities decreased with increasing applied voltage, whereas 

the C2H2 and CO selectivities tended to increase. These results imply that at a higher 

applied voltage, the carbon dioxide dissociation by electron collision (Equations 9 and 

10) and oxidative dehydrogenation reactions of the hydrocarbons (Equations 30-43) 

occur more often than the coupling reactions of active species (Equations 44-54). 

According to the plasma behavior observed, a higher applied voltage can induce greater 
• 

electron density and subsequently a higher number of active species, which can increased 

opportunity for both carbon dioxide dissociation and oxidative dehydrogenation 

reactions. 

The effect of applied voltage on the product molar ratios is illustrated in Figure 

3.3e. The molar ratios of Hz/CO, Hz/C2Hz, and CzHJC2H2 substantially decreased with 
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increasing applied voltage, while the H2/C2I-Li molar ratio showed the opposite trend. 

These results agree well with the decreased H2, C2H4, and C4HIO selectivities and the 

increased C2H2 and CO selectivities. The apparent decreases in the H2/C2H2, H2/CO, and 

C2H4/C 2H2 molar ratios, and the opposite trend of the H2/C2H4 molar ratio with 

increasing applied voltage, again confirm that the carbon dioxide dissociation by electron 

collision and oxidative dehydrogenation reactions are much more likely to occur than the 

coupling reactions of active species with increasing applied voltage. 

Figure 3.3f shows the effects of applied voltage on power consumptions and coke 

. formation. The power consumptions of both per reactant molecule converted and per H2 

.molecule produced, decreased with increasing applied voltage (from 13.5 to 14.5 kV); 

however, with further increasing applied voltage to 20.5 kV, the power consumption per 

reactant molecule converted tended to be fairly constant, while the power consumption 

. per H2 molecule produced tended to only slightly increase. The initial decreases in both 

. amounts of power consumptions can be explained by the increases in the CH4, C2H6, and 

C3Hg conversions and the H2 yield with increasing applied voltage. When considering the 

applied voltage range of 14.5-20.5 kY, the results reveal that the power consumption per 

H2 molecule produced increased steadily with increasing applied voltage. The increase in 

H2 yield with increasing applied voltage should indeed have led to lower power 

consumption per H2 molecule produced. However, the opposite trend was experimentally 

observed, possibly because of the increase in coke formation. Generally, the formation of 

coke along the knife-shaped electrodes at high applied voltages not only decreases the 

efficiency of chemical reactions (i.e. decreasing reactant conversions and product yields) 

but also directly affects the gliding arc discharge stability. Particularly, an increase in a 

certain amount of coke can increase the conductivity of the system, leading to a decrease 
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in the uniformity of the plasma pattern. This phenomena resulted in a lowered probability 

of electron collision with reactant molecules to produce active gaseous species. From the 

results, a minimum of power consumptions were found at the applied voltage of 14.5 kY, 

while all ratios of hydrogen-to-other products were mostly high; therefore, the applied 

voltage of 14.5 kY was selected for further investigation . 

3.3.3 Effect of Input Frequency 

The input frequency parameter was next investigated by varying the range from 

290-500 Hz, while the other operating parameters were controlled at a steam content of 

IOmol%, a HCs/02 feed molar ratio of 211, a total feed flow rate of 100 cm3lmin, an 

applied voltage of 14.5 kY, and an electrode gap distance of6 mm. It should be noted that 

the studied gliding arc system could not be operated lower than the lowest operating input 

. frequency 	of 290 Hi. This is because a large amount of coke formation occurred on the 

surface of the electrodes as well as the extremely high current. For the input frequency 

greater than 500 Hz, the plasma system could not be operated because of the non-uniform 

plasma with a extremely small number of arcs produced. Figure 3.4 illustrates the effects 

of input frequency on the reactant conversions, product yields, concentrations of outlet 

gas, and power consumptions. The conversions of CH4 , C2H6, C3Hg, and O2, as well as 

the H2, CO, and C2 yields, tended to decrease with increasing input frequency (Figure 

3.4a). These results correspond well to the increases in CH4 , C2H6, C3Hg, and O2 

concentrations, as well as the decreases in H2 and CO concentrations in the outlet gas 

(Figure 3.4b). In general, for any given applied voltage and electrode gap distance, the 
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Figure 3.4 Effects of input frequency on (a) reactant conversions and product 

yields, (b) concentrations of outlet gas, (c) generated current, (d) product 

selectivities, (e) product molar ratios, and (1) power consumptions and coke 
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formation under studied conditions: steam content, 10 mol%; HCs/Oz feed molar 

ratio, 2/1; total feed flow rate, 100 cmJ/min; applied voltage, 14.5kV; and electrode 

gap distance, 6 mm (Ec: power per reactant molecule converted; E H2 : power per H2 

molecule produced). 

electric current required to sustain a discharge is reduced with increasing input frequency. 

Consequently, a lower current can be observed at a higher input frequency, as shown in 

Figure 3.4c. In accordance with the basic concept of the frequency effect as stated, the 

space charge (electrons and ions) characteristics of the alternating current discharge is the 

influential factor of frequency in changing the behaviors of arc discharge and reaction 

performance [8, 10, 24-25]. Therefore, increasing input frequency adversely causes a 

reduction in the number of electrons generated for initiating the chemically active species 

-t via the elementary plasma reactions by electron impact, resulting in lower reactant 

conversions and product yields. 

The effectof input frequency on the product selectivities is shown in Figure 3.4d. 

The H2, C2H2, and C4H]o selectivities tended to increase with increasing input frequency 

from 290 to 500 Hz, whereas the C2H4 and CO selectivities tended to remain almost 

unchanged, implying that the C2~ and CO selectivities were independent of input 

frequency. The present results do not agree with those in our previous work [10], in 

which the decreases in both H2 and C2H2 selectivities were observed with increasing 

input frequency from 250-500 Hz. The difference in the experimental results could 

possibly be explained by the fact that the previous work used only simulated natural gas 

as a reactant feed, whereas the present work was conducted by adding both steam and 

oxygen to the simulated natural gas. Hence, the results imply that the presence of steam 
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and oxygen plays an important role in enhancing the electron-water collisions (Equations 

.. ' 

25 and 26), as well as the dissociation reactions of oxygen (Equations 27 -29), leading to 

increased oxidative dehydrogenation reactions (Equations 30-43) and coupling reactions 

of active species (Equations 44-54) to produce more H2 and C2H2. As shown in Figure 4d, 

the increase in C4H 10 selectivity infers that the promotion of coupling reactions to form 

C4HIO (Equations 53 and 54) can be achieved by increasing input frequency. 

Figure 3.4e shows the effect of input frequency on the product molar ratios. The 

molar ratios of H2/CO and H~C2H2 tended to increase with increasing input frequency. 

The increase in t~e H2/CO molar ratio can be possibly described by the increase in the H2 

selectivity, while. the CO selectivity remained almost unchanged with increasing input 

frequency. Intere~tingly, the simultaneous increases in the H2/C 2H2 molar ratio and the H2 

and C2H2 selectivities imply that the increase in the H2 production rate is higher than that 

of the C2H2 production rate where the input frequency is increased . As a result,· the 

number of electrons generated in the plasma system decreases with increasing input 

frequency, resulting in decreasing possibil ities of secondary dehydrogenation reactions of 

hydrocarbon species (Equations 30-34 and 37-41) to produce C2H2. On the contrary, the 

H2 selectivity increase with increasing input frequency is possibly due to the presence of 

steam, which provides a higher possibility of collision, between the electrons and water 

molecules (Equations 25-26). In addition, the C2H4/C2H2 molar ratio decreased slightly 

with increasing input frequency, whereas the H2/C2H2 molar ratio remained almost 

unchanged. These results agree well with the increase in C2H2 selectivity and the 

invariant of C2Rt selectivity. 

The effects of input frequency on power consumptions and coke formation are 

depicted in Figure 3.4f. The power consumptions of both per reactant molecule converted 
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and per H2 molecule produced initially decreased with increasing input frequency from 

290 to 300 Hz and then substantially increased with further increasing input frequency 

from 300 to 500 Hz. The initial decrease in both power consumptions was observed 

probably due to the decrease in current required to sustain the discharge (Figure 3.4c); 

whereas the further increase in input frequency from 300 to 500 Hz increased both power 

consumptions, probably resulting from the decreases in all reactant conversions and H2 

yield and selectivity (Figure 3.4a). In'terestingly, power consumptions mirrored the coke 

formation profile, suggesting that coke, deposition plays a significant role in affecting the 

power consumptions. From the result~, lower power consumptions occurred with less 

coke formation were found at the input frequency of 300 Hz. ]t was selected as an 

optimum value for further investigatio'n .. 

3.3.4. Effect of Electrode Gap Distance 

For the investigation of the effect of electrode gap distance on the reforming 

reaction performance of the simulated natural gas, the electrode gap distance was varied 

in the range of 4-8 mm, while a steam content of 10 mol%, a HCs-to-02 feed molar ratio 

of 211, a total feed flow rate of 100 cm3/min, an applied voltage of 14.5 kY, and input 

frequency of 300 Hz were used as the optimum conditions to operate the gliding arc 

system. The corresponding residence times at various electrode gap distances of 4, 6, 7, 

and 8 mm were 1.09, 1.37, 1.57, and 1.65 s, respectively. Beyond the highest electrode 

gap distance of 8 mm, the gliding arc system could not provide a steady discharge, 

whereas, at any electrode gap distance shorter than 4 mm, the system produced a large 

quantity of coke filaments across the two electrodes with in a relatively short operation 

period, causing a drastic drop of current and the termination of discharge. 

112 



The effects of the electrode gap distance on the reactant conversions and product 

yields are illustrated in Figure 3.5a. The conversions of CH4, C2H6, C)Hs, and O2, as well 

as the H2, CO, and C2 yields, significantly increased with increasing electrode gap 

distance from 4 to 7 mm. The increase in the electrode gap distance simply increases the 

reaction volume and subsequently the residence time of gaseous species in the plasma 

zone increases. As a result, there is higher possibility of collisions between reactant 

molecules and electrons, leading to increases in all the reactant conversions (except CO2) 

and product yields. These results are in good agreement with .the significant decreases in 

the CH4, C2H6, C3HS, and O2 concentrations and the increases in the H2 and CO 

concentrations in the outlet gas (Figure 3.5b). However, it \v~s found that increasing the 

electrode gap distance in the range of 7-8 mm only slightly' increased the CH4, C2H6, 

C3Hg, and O2 conversions, as well as H2, CO, and C2 yields. It should be noted that there 

is another vital factor, apart from residence time, that affeCts the reactant conversions, 

product selectivities, and yields. When the electrode gap distance is varied, principally, 

the breakdown voltage required for initiating the plasma discharges and the power 

requ ired for sustaining the discharges increase with increasing electrode gap distance [26]. 

However, if the electrode gap distance is too wide, the electric field strength weakens, 

resulting in a lower average electron energy, as well as a reduction in the number of 

.' 
electrons, which corresponds very well with the decreasing tendency of the generated 

current in the electrode gap distance range of 6 to 8 mm, as clearly shown in Figure 3.5c . .' 
I · Hence, all reactant conversions and product yields remained almost unchanged with 

increasing gap distance in this range, despite a longer residence time. Moreover, the 

results of the reactant conversions and product yields at different ranges of electrode gap 
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formation under studied conditions: steam content, 10 mol%; HCs/02 feed molar 

ratio, 2/1; total feed flow rate, 100 cmJ/min; applied voltage, 14.5 kV; and input 

frequency, 300 Hz (Ec: power per reactant molecule converted; EH2: power per H2 

molecule produced). 

widths indicate that for the narrow electrode gap distance range of 4-6 mm, the residence 

time plays a dominant role in enhancing the plasma reforming performance, whereas, for 

the greater electrode gap distance range of 6-8 mm, the discharge characteristics have 

more significant impacts. 

Figure 3.5d presents the effect of electrode gap distance on the product 

selectivities. The H2 and C2H2 selectivities significantly decreased with increasing 

electrode gap distance. It may be implied that the increase in current by tapering 

electrode gap distance is responsible for the enhancement of the oxidative 

dehydrogenation reactions and the coupling reactions of the active species to form H2 and 

C2H2. On the other hand, the C2H4 and C4H IO selectivities tended to slightly increase with 

the expansion of electrode gap distance from 4 to 6 mm but beyond the electrode gap 

distance of 6 mm, they slightly decreased. These initial increases in both the C2I-l4 and 

C4H IO selectivities suggest that the coupling reactions to obtain C2H4 and C4H IO 

(Equations 44-47 and 53-54) more favorably occur than with the oxidative 

dehydrogenation reactions at a wider electrode gap distance (a longer residence time). A 

plausible explanation is that with wider electrode gap distance, the active species of 

hydrocarbons can further recombine via the coupling reactions due to the increase in 

residence time. However, when widening the electrode gap distance from 6 to 8 mm, all 

the product selectivities tended to slightly decrease probably due to both the decrease in 
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generated current, as described earlier, and the drastic increase in coke formation, as 

shown next. The CO selectivity varied slightly with a wider electrode gap distance, 

suggesting that the CO selectivity is independent of the electrode gap distance under the 

studied conditions. 

Figure 3.Se illustrates the effect of the electrode gap distance on various product 

molar ratios. The molar ratios of H2/CO, H2/C2H2 , and H2/C2H4 greatly decreased with 

increasing electrode gap distance from 4 to 6 mm and then only slightly decreased with 

further widening of the electrode gap distance to 8 mm, whereas the C2H4/C2H2 molar 

ratio showed the opposite trend. These results again confirm that the coupling reactions 

of the 	 active species more preferentially occur as secondary reactions than the 

. / dehydrogenation reactions when the system is operated at a longer residence time. 

The power consumptions both per reactant molecule converted and per H2 molecule 

produced decrease significantly with widening electrode gap distance from 4 to 6 mm 

and they tend to increase slightly with further widening of the electrode gap distance 

from 	 6 to 8 mm, as depicted in Figure 3.Sf. The initial decrease in both power 

consumptions can be explained by the increases in the CH4, C2H6, C3Hg, and O2 

conversions, as well as the H2 yield (Figure 3.Sa). Beyond the electrode gap distance of 6 

mm, which provided the minimum power consumptions, an increase in coke formation 

with further widening electrode gap distance is responsible for the increase in power 
.. 

consumptions. 

3.3.5. 	Comparisons of CO2-Containing Natural Gas Conversion Performances with 

Different Reforming Processes 

Table I shows the comparisons of CO2-containing natural gas conversion 

116 



performances, i.e. H2 and CO selectivities and yields as well as power consumptions, 

with different reforming processes under their corresponding optimum conditions. It can 

be seen that the steam reforming process provided the highest H2 selectivity of about 

65.8%, but gave a very low CO selectivity of about 4.8%, as compared to the other 

reforming processes . Even though the highest H2 selectivity was not obtained, the 

combined steam reforming and partial oxidation process gave acceptabJy high H2 and CO 

selectivities of about 68.2% and 59.9%, respectively. As shown in Table I, the significant 

enhancement of both the H2 and CO selectivities for the combined steam reforming and 

partial oxidation process, as compared to all the other reforming processes. Both the 

steam and O2 additions to the natural gas feed provides much higher number of oxygen 

active species, hydroxyl active species, and hydrogen active species (Equations 25-29). 

This enhances both the oxidative dehydrogenation reactions and coupling reactions 

(Equations 9·24, and 30-54). Interestingly, the combined steam reforming and partial 

oxidation process gives a very high CO production, as compared to the steam reforming 

.. process. This is because the added oxygen in the system can significantly suppress the 

coke formation, resulting in increased opportunities for CO formation (Equations 55-59). 

Hence, it can be clearly seen that the addition of both steam and oxygen can offer the 

acceptably highest synthesis gas production. 

The power consumptions both per reactant molecule converted and per H2 

molecule produced are also given in Table I. The results indicate that the presence of 
.1 

either oxygen (the combined reforming and partial oxidation process) or steam (the steam 

reforming process) in the natural gas feed could lower the power consumptions both per I 
'Jl 

reactant molecule converted and per H2 molecule produced, as compared to the case 
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Table 3.1 Comparison of the CO2-containing natural gas conversion performances with different processes under their 

corresponding optimum conditions 

Operating conditions Selectivity (%) Yield (%) 
Power consumptions 

(x 10 18 s/molecule) 

Applied I Electrode Per reactant Per H2 
Process HCs/Oz Steam Total feed Input 

gap molecule molecule 
molar content flow rate voltage frequency H2 CO Hz CO 

(cm3/min) 
distance converted produced 

ratio (mol%) (kV) (Hz) • 
(mm) (Ec) (EH2) 

Non-oxidative 
- - 125 15.5 300 6 24.5 2.9 12.2 - 6.34 3.58 

reforming" 

Combined 

reforming and 211 - 125 17.5 300 6 40.5 21.9 58.1 61.6 2.73 2.49 

partial oxidationb 

Steam refonningC - 10 100 13 .5 300 6 65.8 4.8 40.3 3.1 2.26 1.58 

Combined steam 

reforming and 211 10 100 14.5 300 6 68.2 59.9 63.4 54.0 \.98 1.22 

partial oxidationd 
- "----­

"[7], b[ I 0], C[26], and dpresent work 
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without the O2 and steam addition (the sole reforming or non-oxidative reforming). The 

lowest power consumptions both per reactant molecule converted and per H2 molecule 

produced were obtained from the combined steam reforming and partial oxidation 

process in the present work, suggesting that there is a synergistic effect of reduction in 

power consumption. 

3.4 Conclusions 

In this work, the combined steam reforming and partial oxidation of 

CO2-containing natural gas was· employed for the synthesis gas production from 

CO2-containing natural gas in an AC gliding arc discharge system. The effects of the 

applied voltage, input frequency, and electrode gap distance significantly affected the 

reactant conversions, product selectivities, and product yields were investigated. The 

optimum conditions were found at a HCs/02 feed molar ratio of 211 , an applied voltage of 

14.5 kY, an input frequency of 300 Hz, and an electrode gap distance of 6 mm, which 

provided high CH4 and O2 conversions with high synthesis gas selectivity and very low 

power consumptions. Under these optimum conditions, the power consumptions were as 

low as 1.98 x 10- 18 Ws (12.35 eY) per molecule of converted reactant and 1.22 x 10- 18 Ws 

(7.64 eY) per molecule of produced hydrogen. 
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Abstract The effect of stage number of multistage AC gliding arc discharge reactors on 
the process perfonnance of the combined refonning and partial oxidation of simulated 
COz-containing natural gas having a CH4:C2H6:C3Hg:C02 molar ratio of 70:5:5:20 was 
investigated. For the experiments with partial oxidation, either pure oxygen or air was used 
as the oxygen source with a fixed hydrocarbon-to-oxygen molar ratio of 2/1. Without 
partial oxidation at a constant feed flow rate, all conversions of hydrocarbons, except CO2, 

greatly increased with increasing number of stages from 1 to 3; but beyond 3 stages, the 
reactant conversions remained almost unchanged. However, for a constant residence time, 
only C3Hg conversion gradually increased, whereas the conversions of the other reactants 
remained almost unchanged. The addition of oxygen was found to significantly enhance 
the process perfonnance of natural gas refonning. The utilization of air as an oxygen 

. source showed a superior process perfonnance to pure oxygen in terms of reactant con­
version and desired product selectivity . The optimum energy consumption of 
12.05 x !O24 eV per mole of reactants converted and 9.65 x 1024 eV per mole of 
hydrogen produced was obtained using air as an oxygen source and 3 stages of plasma 
reactors at a constant residence time of 4.38 s. 

Keywords Natural gas· Refonning . Partial oxidation· Gliding arc discharge · 
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Introduction 

In recent years, natural gas has become a versatile energy resource due to both environ­
mental reason and due to its lower price as compared to petroleum . Therefore, the con­

.. sumption of natural gas as an alternative fuel is currently increasing [1]. Generally, natural 
gas mostly contains a large amount of methane with lesser amounts of ethane, propane, and 
carbon dioxide, and its composition varies according to sub-geological conditions. Because 
methane is an inexpensive fuel , attempts at converting methane to more valuable hydrogen 
and higher hydrocarbons with new alternative technologies have been increasingly carried 
out. Moreover, the direct utilization of methane and carbon dioxide has been an area of great 
interest due to its environmentally friendly concept of decreasing greenhouse gas emissions. 
Nevertheless, methane reforming with carbon dioxide, as shown in Eg. 1, using conven­
tional catalytic methods often encounters two main problems; it is a highly endothermic 
reaction consuming a large amount of energy, and the deactivation of catalysts due to coke 
deposition on' the catalyst surface commonly occurs under various reaction conditions [2]. 

Methane reforming with carbon dioxide: 

CH4 + C02 --+ 2CO I- 2H2 t.H298K = 247kJ/mol (1) 

The second route for methane conversion to syngas is the steam reforming process, as 
shown in Eg. 2 . This reaction is also highly endothermic, resulting in high energy con­
sumption. Steam reforming reactors generally run with excess amounts of water in order to 
prevent coke depos ition on the catalyst surface [3]. Methane reforming with steam has poor 
selectivity to CO and produces syngas with a high H2/CO ratio, while methane reforming 
with carbon dioxide gives a higher CO selectivity and a lower H2/CO ratio [4]. 

Steam reforming of methane: 

Another route used to produce syngas is the catalytic partial oxidation of methane, as 
shown in Eg. 3. This process gives high activity and selectivity, but cannot be easily 
controlled because of the generation of hot spots in the catalytic bed due to its exothermic 
nature [4]. 

Partial oxidation of methane: 

CH4+ 1/2 O2 _.• CO + 2H2 t.H298K = - 38kJ/mol (3) 

A combination of these reactions can potentially provide good and synergistic perfor­
mance . For example, the combination of carbon dioxide reforming and steam reforming of 
methane can reduce coke deposition on the catalyst surface, resulting in a controlled and 
limited coke formation [5]. In addition, the combination of carbon dioxide reforming and 
partial oxidation of methane has a benefit in terms of balancing the heat load and reducing 
energy consumption [6, 7]. 

An attractive alternative for reforming hydrocarbon compounds is to use non-thermal 
plasma processes. The plasma contains highly active species (such as electrons, ions, and 
radicals) , which can react with methane to produce various valuable products under 
ambient conditions. The electrical discharge produced also provides heat to the system, 
apart from generating radicals and excited species to initiate and enhance the plasma 
chemical reactions [8] . Furthermore, the plasma reforming processes can be operated at 
mild conditions with less energy consumption, and they have been employed for many 
applications [9-16]. 
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Our previous works have addressed the reforming of simulated natural gas, which 
contained a CH4:C2H6:C3Hg:C02 molar ratio of 70:5:5:20, with and without partial oxi­
dation, using a single gliding arc discharge plasma reactor [17, 18]. The addition of air was 
found to be superior to pure oxygen for hydrogen production with an optimum hydro­
carbon-to-oxygen molar ratio of 211. In this present work, a multistage gliding arc plasma 
system comprising four gliding arc discharge plasma reactors connected in series was used 
for the investigation of a combined reforming and partial oxidation of the simulated natural 
gas to produce hydrogen and higher hydrocarbons. Initially, the effect of stage number of 
plasma reactors was systematically investigated to evaluate the process performance under 
two series of experiments with a fixed feed flow rate and a fixed residence time. Both pure 
oxygen and air were comparatively used as oxygen sources. A comparison of process 
performance between the systems, with and without partial oxidation, was finally made. 
The optimum stage number with corresponding low energy consumption was obtained. 

Experimental 

Reactant Gases 

Simulated mitural gas (containing methane, ethane, propane, and carbon dioxide, with a 
CH4:C2H6:C3H8:C02 molar ratio of 70:5:5:20) was specially produced for this work by 
Thai Industry Gas (Public) Co., Ltd. Ultra-high purity oxygen and air zero used for per­
forming the combined plasma reforming and partial oxidation of the simulated natural gas 
were also supplied by Thai Industry Gas (Public) Co., Ltd. 

Setup of the Multistage Gliding Arc Discharge System 

The experimental. setup of the multistage AC gliding arc discharge system with 4 stages in 
series and the configuration of each reactor are shown in Figs. I and 2, respectively. The 
gliding arc reactors were made of a glass tube with 9 cm 00 and 8.5 cm ID. Each reactor 
had two diverging knife-shaped electrodes that were fabricated from stainless steel sheets 
with a 1.2 cm width for each electrode. The gap distance between the pair of electrodes 
was fixed at 6 mm. Two Teflon sheets were placed at the top and bottom of the electrodes 
to force the feed gas to pass through the reaction zone. The flow rates of the reactant gases 
were regulated by a set of mass flow controllers and transducers supplied by SIERRA® 

Instrument, Inc. Stainless steel (7 11m) filters were placed upstream of all mass flow 
controllers in order to trap any solid particles in the reactant gases. The check valves were 
also placed downstream of the mass flow controllers to prevent any backflow. The sim­
ulated natural gas was well mixed with either pure oxygen or air to obtain a hydrocarbon­
to-oxygen molar ralio of 211, which was the optimum ratio found in our previous work 
[18]. The mixed reactant gases were introduced upward into the first reactor at ambient 
temperature and atmospheric pressure. The compositions of the feed gas mixture and the 
effluent gases were analyzed by an on-line gas chromatograph (HP, 5890), equipped with a 
Carboxen 1000 packed column connected to a thermal conductivity detector (TCD) and a 
PLOT AI20 3 "S" capillary column connected to a flame ionization detector (FID). 

For any studied conditions, the feed gas mixture was first introduced into the gliding arc 
system without turning on the power supply unit. After the composition of outlet gas was 
invariant with time, the power supply unit was turned on. The outlet gas composition was 
analyzed every 30 min by the on-line Gc. After the system reached steady state, an analysis 
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M.uss Flow ControJrf!'rJ 

Fig. 1 Schematic of the multistage gliding arc discharge system 

Fig. 2 Schematic of a gliding arc discharge reactor 

of the outlet gas composition was taken at least few times every hour. The experimental data 
were averaged to evaluate the process performance. During the experiments, the temper­
ature at the reactor wall was found to be in the range of ISO-200°C. Since the volume of the 
reactor outlet zone was rather large, the outlet gas was cooled close to room temperature. It 
was observed that a small amount of water droplets appeared on the surrounding inner wall 
of the gliding arc reactor during the experiment. In the case of using air, a NOx analyzer was 
employed to determine if there were any nitrogen oxides present in the effluent gas; none 
were detected. Therefore, under the studied conditions, nitrogen oxides were not produced 
by the plasma system. The flow rates of both the feed and the outlet gases were measured by 
using a digital bubble flow meter because of the gas volume change after the reaction. 

The power supply unit used in this work was operated in three steps. For the first step, 
the domestic AC input of 220 V and 50 Hz was converted to a DC output of 70 V by a DC 
power supply converter. For the second step, a 500 W power amplifier with a function 
generator was used to convert the DC to AC with a sinusoidal waveform. For the final step, 
the output voltage was stepped up by using two transformers in series. The output voltage 
and frequency were controlled by the function generator. Since the plasma generated in 
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each plasma reactor is non-equilibrium in nature, it is not possible to measure the voltage 
across the electrodes of the reactor (high-side voltage), Therefore, the low-side voltage and 
current were measured instead, and the high-side voltage and current were then calculated 
by multiplying and dividing by a factor of 130, respectively, A power analyzer was used to 
measure power, frequency, and voltage at the low side of the power supply unit. Based on 
our previous work on the combined reforming and partial oxidation of CO2-containing 
natural gas using a single-stage gliding arc discharge system [18], the obtained optimum 
operating conditions (an applied voltage of 17,5 kV, an input frequency of 300 Hz, and a 
hydrocarbon-to-oxygen molar ratio of 211) were used as the base conditions to operate the 
multistage gliding arc discharge system in this work, 

Reactiori Performance Evaluation 

The reactant conversion is defined as : 

(J1 ,(moles of reactant in - moles of reactant out) (100) 
10 Reactant conversIOn = ( ) (4) 

, moles of reactant in 

The selectivities for C-containing products are defined on the basis of the amount of C­
containiRg reactants converted into any specified product, as stated in Eq: 5 below, In the 
case of the hydrogen product, its selectivity is calculated based on H,'containing reactants 
converte'd,_ as stated below in Eq, 6: 

% Selectivity for any hydrocarbon product = [Pj (Cp) (100)/1: [R] (CR ) (5) 

where 

(P] ='moles of product in the outlet gas stream 
(R) = moles of each reactant in the feed stream to be converted 

Cp = number of carbon atoms in the product molecule 

CR = number of carbon atoms in each reactant molecule 


% Selectivity for hydrogen = [Pj (Hp) (100)/I: [R] (H R) (6) 

where 

Hp = number of hydrogen atoms in the product molecule 
HR = number of hydrogen atoms in each reactant molecule 

The product yields are formulated as follows: 

% C2 hydrocarbons yield = 1: (% CH4 , C2H6, C3Hs , CO2 conversion) 

I: (% C2H2, C2~ selectivity)/(100) (7) 

% H2 yield = I:(% CH4 , C2H6, C3HS conversion) (% H2 selectivity)/(IOO) (8) 

% CO yield = I: (% CH4 ,C2H6 , C3Hs , CO2 conversion) (% CO selectivity) / (IOO) 

(9) 

The specific energy consumption is calculated in a unit of electron (e V) per mole of 
C-containing reactants converted or per mole of hydrogen produced (eV/mol) lIsing the 
following equation: 
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Specific energy consumption = (P) (60)/(M) (1.602 x 10 19
) (10) 

where 
p:: power (W) 
M :: rate of converted carbon in the feed or rate of produced hydrogen molecules 

(g mol min-I) 
I eV = 1.602 x 10- 19 W S 

Results and discussion 

Results of Natural Gas Reformirig without Partial Oxidation 

Effect of Stage Number on Reacrant Conversion and Product Yield 

Constant Residence Time The reactant conversions and product yields as a function of 
stage number of plasma reactors w~en varying feed flow rate at a constant residence time 
of 4.38 s are illustrated in Fig. Ja. ~or each stage of plasma reactors, the feed flow rate was 
controlled at 31.25, 62.50, 93.75,. ~nd 125 cm3/min, respectively, in order to maintain the 
same residence time (4.38 s). The results show that only the conversion of CJHs gradually 
increased with increasing stage ntlmber, whereas the conversions of the rest of the reactant 
components remained almost unchanged . It was also confirmed experimentally by the 
concentrations of outlet gases that the concentration of CJHs sharply decreased, whereas 
the CH4 concentration was nearly unchanged. The explanation is that the conversion of 
reactant gases depends upon the cO.llision between the highly energetic electrons and the 
reactant gases, which is governed by both residence time and stage number of plasma 
reactors. Since the plasma operation in this experimental part was performed at a constant 
residence time, the process performance must be governed by the stage number. The 
results suggest that the formations of CH4 and C2H6 are approximately equal to the 
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Fig. 3 Effect of stage number of plasma reactors on reactant conversions and product yields for the 
reforming of natural gas without O2 or air addition: a at a constant residence time of 4.38 sand b at a 
constant feed flow rate of 125 cm3/min (applied voltage, 17,5 kV; frequency, 300 Hz; and electrode gap 
di stance. 6 mm) 

~ Springer 



439 

, 


Plasma Chern Plasma Process (2009) 29:433-453 

conversions of these two reactants, leading to unchanged CH4 and C2H6 conversions. 
Another reason is due to their different bond dissociation energies, which are 4.33, 4.35, 
4.55, and 5.52 eV, for propane, ethane, methane, and CO2, respectively [19}. Moreover, 
the H2 and C2 yields only slightly increased with increasing stage number of plasma 
reactors, whereas the CO yield remained almost unchanged (Fig. 3a). The results suggest 
that the coupling reactions of the active species and oxidative dehydrogenation reactions 
may not be significantly affected by the stage number. 

Constant Feed Flow Rate The reactant conversions and product yields as a function of 
stage number of plasma reactors at a constant feed flow rate of 125 cm 3/min are illustrated 
in Fig. 3b. The residence time of the single stage, 2, 3, and 4. stages was controlled at 1.09, 
2.19, 3.29, and 4.38 s, respectively. The conversions of al!' hydrocarbons, except COb 
increased considerably with increasing stage number because of the longer residence time. 
Beyond 3 stages, only the propane conversion increased, but the other reactant conversions 
remained almost unchanged . Comparatively, the propane conversion increased rapidly 
with increasing stage number of plasma reactors, whereas th~ methane conversion tended 
to slightly increase. The conversions of all reactant gases \'fere in the following order: 
propane> ethane > methane> CO2, The same reasons as mentioned above can be used 
to explain the different conversions of all reactants. For the.lh and Cz yields, the increase 
in residence time due to the increase in the stage number of plasma reactors enhances the 
conversion of all reactants, as aforementioned, and consequently leads to increasing the 
production yields. However, the CO yield only slightly increased with increasing stage 
number of plasma reactors, possibly because the system was operated at an oxygen­
deficient condition (a hydrocarbon-to-oxygen molar ratio of ;211). 

Effect of Stage Number on Product Selectivity and Product Molar Ralio 

Conslant Residence Time The effect of stage number of plasma reactors on the selec­
tivities for Hz, C2H2, C2H4, C4H IO, and CO at a constant residence time of 4.38 s is 
depicted in Fig. 4a . The selectivities for H2 and C2H4 tended to slightly increase with. 
increasing stage number from I to 3 stages, and the selectivities for CO and C4H 10 

remained almost unchanged. The results are relevant to the molar ratios of H2/C 2H2 and 
C2H4/C2 H 2 , as also shown in Fig. 4a, while the molar ratio of HzlC2H 4 gradually 
decreases. This implies that the increase in the C2H4 selectivity exceeds the increase in the 
H2 selectivity, resulting in the gradually decreasing H2/C zH4 ratio. It should be noted, 
therefore, that the hydrogenation of C2Hz more favorably occurs than the coupling reaction 
of hydrocarbon active species with increasing stage number of plasma reactors from 1 to 3 
stages, leading to the consumption of H2 to some extent to produce CZH4 . At 3 stages of 
plasma reactors, the maximum selectivity for H2 was obtained at approximately 38.2%. 
From this point of view, it could be concluded that the increase in stage number of plasma 
reactors from I to 3 stages assists in improving the H2 selectivity. 

Constant Feed Flow Rate The effect of stage number of plasma reactors on the product 
selectivities at a constant feed flow rate of 125 cm 3/min is shown in Fig. 4b. The results 
reveal that the selectivities for H2 and C2H2 markedly increased with increasing stage 
number of plasma reactors, whereas those for CZH4 , C4H IO, and CO remained almost 
unchanged. This implies that the oxidative dehydrogenation preferably occurs at a high 
residence time. The HzlC2H4 ratio increased with increasing stage number of plasma 
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Fig. 4 Effect of s tage number of plasma reactors on product selectivities and product molar ratios for the 
reforming of natural gas without O2 or air addition: a at a constant residence time of 4.38 sand b at a 
constant feed flow rate of 125 cm3/min (applied voltage , 17.5 kV; frequency, 300 Hz; and e lectrode gap. 
di stance, 6 mm) 

reactors from I to 3 stages, whereas the molar ratio of C2H4/C2H 2 slightly decreased,' 
suggesting that the dehydrogenation of C2H4 is likely to occur when the stage number of 
plasma reactors is increased. Moreover, the coupling reaction of hydrogen radicals can 
occur, and results in the great increase in the selectivity for H2 at 3 stages of plasma 
reactors. In contrast, the selectivities for C2H4, C4H IO, and CO remained almost unchan- . 
ged. From these experimental results, it can be concluded that the rate of dehydrogenation 
increases with increasing stage number of plasma reactors when the multistage system is 
operated at a constant feed flow rate. 

Effect of Stage Number on Energy Consumption 

Constant Residence Time The effect of stage number of plasma reactors on energy con­
sumption per mole of reactants converted and per mole of hydrogen produced at the con­
stant residence time is shown in Fig. Sa. The energy consumption per mole of hydrogen 
produced sharply declined from 1 to 2 stages of plasma reactors and then gradually 
decreased with increasing stage number from 2 to 4 stages, while the energy consumption 
per mole of reactants converted also decreased in the same manner as the energy con­
sumption per mole of hydrogen produced when the stage number increased from 1 to 2 
stages but became almost unchanged with further increasing stage number up to 4 stages. 
The minimum energy consumption was about 1.03 x 1025 eV per mole of reactants con­
verted and 1.28 x 1025 eV per mole of hydrogen produced at 4 stages of plasma reactors. 

~ Springer 



441 

, 


Plasma Chem Plasma Process (2009) 29:433-453 

C 

30 
(a)

r+t:! 
constant residence time 

'0 

30 
(b) constant feed now rate 

E 
:>.. 

25 E 
:>.. 25 

~ 

Me 
..... 
6 

20 Ec 

~ 

'10 
..... 
~ 

20 
10112 

C C 
.2 .!a 
Q. 15 Q. 15 

E 
::l 

E 
::l 

'" c 
0 10 ~ 

0 10 
u U 

>. ~ 
OL .... ... 
c 5 

OL ...... 
c 5 

~ 	 ~ 

O+-----,----,-----r-----r--~ O+----.r----r----,-----,----1 
o 	 2 3 4 5 o 2 J 4 5 

Stage munber of plasma rcactor(s) Stage number of plasma reactor(s) 

Fig. 5 Effect of stage number of plasma reactors on energy consumption (Ee = energy consumption per 
mole of reactants converted and EH2 = energy consumption per mole of hydrogen produced) for the 
reforming of natural gas without O2 or air addition: a at a constant residence time of 4.38 sand b at a 
constant feed Row rate of 125 cm3/min (applied voltage, 17.5 kV; frequency, 300 Hz; and electrode gap 
distance, 6 mm) 

Constant Feed Flow Rate The effect of stage number of plasma reactors on energy 
consumption per mole of reactants converted and per mole of hydrogen produced at the 
constant feed flow rate is depicted in Fig. 5b. The energy consumption per mole of 
hydrogen produced substantially decreased when the stage number of plasma reactors 
increased from I to 3 stages, but the energy consumption per mole of reactants converted 
was insignificantly changed. At 3 stages, a minimum energy consumption of about 
1.07 x 102s eV per mole of hydrogen produced was achieved. 

Results of Natural Gas Reforming with Partial Oxidation 

For the combined plasma refonning and partial oxidation of the simulated natural gas, the 
effects of residence time and feed flow rate were also systematically investigated to 
determine whether or not the addition of oxygen to the natural gas feed could improve the 
system performance by using two different oxygen sources: pure oxygen and air. 

Results of Natural Gas Reforming with Partial Oxidation Using Pure Oxygen 

Effect of Stage Number on Reactant Conversion and Product Yield 

Constant Residence Time The effect of stage number of plasma reactors of the system 
operated at a constant residence time of 4.38 s and a hydrocarbon-to-oxygen ratio of 211 is 
shown in Fig. 6a. All of the reactant conversions only slightly increased with increasing 
stage number from I to 3 stages. Beyond 3 stages, they remained almost unchanged. The 
H2 , C2 , and CO yields gradually increased with increasing stage number of plasma reac­
tors; however, the H2 and CO yields reached the maximum values at 3 stages . The values 
of H2 and CO yields were somewhat greater than 100% due to the complexity of the 
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Fig. 6 Effect of stage number of plasma reactors on reactant conversions and product yields for the 
reforming of natural gas with pure O2 addition: a at a constant residence time of 4.38 sand b at a constant 
feed flow rate of 125 cm3/min (hydrocarbon-to-oxygen molar ratio, 211; appJied voltage, 17.5 kV; 
frequency, 300 Hz; and electrode gap distance. 6 mm) 

reactions, of which both forward and backward reactions simultaneously occurred in the 
plasma reactors. From the experimental observation, the outlet concentrations of all 
reactants decreased with increasing stage number of plasma reactors except that the outlet 
concentration of CO2 remained unchanged, which might result from its high bond disso­
ciation energy, as mentioned above. 

Constant Feed Flow Rate As shown in Fig. 6b, at the constant feed Row rate, the 
conversion of all reactants, except CO2, considerably increases when the stage number of 
plasma reactors increases from I to 3 stages, and all the reactant conversions remain 
almost unchanged with further increasing stage number to 4 stages. This is probably due 
to a small amount of oxygen molecules left in the fourth plasma reactor, as indicated by 
the oxygen conversion profile. For the CO2 conversion, a minus value was observed. 
This can be explained in that the fonnalion rate of CO2 by the hydrocarbon oxidation is 
higher than the CO2 consumption rate by the refonning reactions with partial oxidation 
[J 8]. The H2 and CO yields also significantly increased with increasing stage number of 
plasma reactors to reach the maximum values at 3 stages, and after that they tended to 
decrease, as also observed in the case of the constant residence time. In the meantime, 
the C2 yield slightly increased with increasing stage number. Moreover, the H2 yield was 
found to be much higher than the C2 yield. The most significant difference between H2 
and C2 yields was noticed at 3 stages of plasma reactors. This implies that at a higher 
stage number of plasma reactors, up to 3 stages, the H2 production via the dehydroge­
nation reactions occurs more favorably than the C2 production via the coupling reactions. 
However, at 4 stages, less H2 production due to less reactant conversion, as well as 
higher hydrogen consumption for the hydrogenation reactions, may simultaneously occur 
instead. 
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Fig. 7 Effec t of stage number of plas ma reactors on product selectivities and product molar ratios for the 
reforming of natural gas with pure O2 addition: a at a constant residence time of 4.38 sand b at a constant 
feed flow rate of 125 cm~/min (hydrocarbon-to-oxygen molar ratio, 2/1; applied voltage, 17.5 kV; 
frequency, 300 Hz; and electrode gap di stance, 6 mm) 

Effect on Product Selectivity and Product Molar Ratio 

Constant Residence Time Most of the product selectivities do not significantly change 
when the stage number of plasma reaclors increases at the constant residence time , 
except that the selectivity for H2 tends to increase (Fig. 7a). The molar ratio of H2/C2H4 

increased as the number of plasma reactors increased from 1 to 2 stages and then 
remained almost unchanged with further increasing stage number, whereas the other 
product molar ratios were almost constant. This can be explained in that both the 
dehydrogenation reactions and the coupl ing reaction of hydrogen radicals to produce H2 
have a high possibility of occurring due to the greater opportunity to collide with the 
active species present at the early stages of plasma reactors at the residence time of 
4.38 s. 

Constant Feed Flow Rate All of the product selectivities gradually decrease with 
increasing stage number of plasma reactors at the constant feed flow rate, especially from 
single stage to two stages, as illustrated in Fig. 7b. The decreased selectivities for all the 
products are due to the fact that with an increasing stage number of plasma reactors, the 
residence time is also increased. The sharp decline of all product selectivities, except for 
COb when increasing stage number from I to 2 stages results from a large quantity of 
ox ygen-active species avail able in the system. However, the outlet concentration of CO2 
was experimentally found to be almost unchanged, probably because of the equivalent 
rates of form ation and reduction o f CO2. The molar ratio of H2/C2 products increased 
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frequency, 300 Hz; and eleclrode gap dislance, 6 mm) 

with increasing stage number from I to 3 stages and then decreased when the stage 
number was further increased, whereas the H2/CO molar ratio did not vary much. This 
also implies that the dehydrogenation and coupling reactions were favorable to take 
place at a higher residence time and to reach maximum levels at a very high residence 
time. 

Effect of Stage Number on Energy Consumption 

Constant Residence Time As shown in Fig. 8a, the sharp decreases in the energy con­
sumption per mole of both reactants converted and hydrogen produced with increasing 
stage number of plasma reactors were observed at the constant residence time, especially 
from I to 2 stages, as observed above. The minimum energy consumption was 
7.S8 x 1024 eV per mole of reactants converted and 6.07 x 1024 eV per mole of hydrogen 
produced at 4 stages of plasma reactors operated with partial oxidation, which were both 
significantly lower than those of the system without partial oxidation (Fig. Sa). 

Constanl Feed Flow Rate For the multistage plasma system operated at the constant feed 
flow rate, the energy consumption per mole of reactants converted rapidly declines with 
increasing stage number of plasma reactors from I to 2 stages, and after that it remains 
almost constant, as depicted in Fig . 8b. Moreover, the energy consumption per mole of 
hydrogen produced decreased until reaching 3 stages, and then it slightly increased at 4 
stages. The minimum energy consumption was observed to be about 6.S8 x 1024 eV per 
mole of reactants converted at 2 stages of plasma reactors and 4.90 x 1024 eV per mole of 
hydrogen produced at 3 stages of plasma reactors, also being much lower than those of the 
system without partial oxidation (Fig. Sb). 
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Fig. 9 Effect of stage number of plasma reactors on reaClant conversions and product yields for the 
reforming of natural gas wilh air addition: a at a constant residence time 0(4,38 sand b at a constant feed 
flow rate of 125 cm 3/min (hydrocarbon-to-oxygen molar ratio, 2/1; applied voltage, ]7,5 kV; frequency, 
300 Hz; and eleclrode gap distance, 6 mm) , 

Results of Natural Gas Reforming with Partial Oxidation Using Air 

Effect of Stage Number on Reactant Conversion and Product Yield 

Constant residence time As shown in Fig. '.la, similar to the case of pure oxygen, the 
conversions of all reactants and the yields of H2 and C2 slightly increase with increasing 
stage. number from I to 3 stages. The same explanation as in the case of pure oxygen can be 
used for the case of air for the partial oxidation at the constant residence time, However, at 
4 stages, the conversions remained almost constant in the case of air, 'whereas they 
adversely decreased in the case of pure oxygen (Fig. 6a) . It may be proposed that the 
backward reactions of some products and/or the coupling reactions may take place. 
Interestingly, the CO2 conversion also increased with increasing stage number of plasma 
reactors when using air as an oxygen source, which is in contrast with the use of pure 
oxygen, as discussed later. 

Constant Feed Flow Rate As depicted in Fig. 9b, at the constant feed flow rate, all the 
reactant conversions and the product yields markedly increase as the stage number of 
plasma reactors increases up to 4 stages. It can be hypothesized that the higher stage 
number of plasma reactors, or longer residence time, allows more opportunity for highly 
energetic electrons to collide with reactant molecules, especially oxygen molecules in air, 
for subsequent reactions, leading to higher reactant conversions and product yields. It can 
be noticed that the H2 yield became much higher than the C2 yield at a higher stage number 
of plasma reactors, indicating that the dehydrogenations and oxidative dehydrogenations to 
produce hydrogen are more favorable to occur than the coupling reactions at a longer 
residence time . 
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Fig. [0 Effect of stage number of plasma reactors on product selectivities and product molar ratios for the 
reforming of natural gas with air addition: a at a constant residence time of.4.38 sand b at a constant feed 
flow rate of 125 cm3/min (hydrocarbon-to-oxygen molar ratio, 2/]; applied voltage, 17.5 kV; frequency , 
300 Hz; and electrode gap di stance, 6 mm) 

l 

Effect of Stage Number on Product Selectivity and Produci Molar Ratio 

Constant Residence Time For the constant residence time, the selectivities for CzHi, 
C2H4, and C4H lO remain nearly unchanged, while the selectivity for CO slightly declines 
with increasing stage number of plasma reactors, as shown in Fig . .l Ga_ This can be 
explained in that increasing the stage number of plasma reactors results in a greater 
opportunity for CO oxidation. The molar ratio of H2/C2H4 increased with increasing stage 
number of plasma reactors from I to 3 stages; however, after that it tended to decrease: 
This suggests that oxidative dehydrogenation of C2~ is likely to occur, leading to an 
increase in the H2 selectivity with increasing stage number of plasma reactors from I to 3 
stages . 

Constant Feed Flow Rate The selectivities for CO, H2, and C2H2 increase with 
increasing stage number of plasma reactors, whereas the selectivity for C2H4 tends to 
decrease, and the selectivity for C4H tO remains unchanged for the constant feed flow rate, 
as shown in Fig. I (lb. Figure lOb also shows the rapid increase in the molar ratio of H2/ 
CzH4 , while the molar ratios of the others were nearly unchanged. These results can be 
explained in that with increasing stage number of plasma reactors, the dehydrogenation 
reactions more favorably occur, as mentioned above. 
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Fig. 11 Effect of stage number of plasma reactors on energy consumption (Ec = energy consumption per 
mole of reactants converted and Em = energy consumption per mole of hydrogen produced) for the 
reforming of natural gas with air addition: a at a constant residence time of 4.38 sand b at a constant feed . 
flow rate of 125 cmJ/min (hydrocarbon-to-oxygen molar ratio, 211; applied voltage , 17.5 kV; frequency, 
300 Hz; and electrode gap distance, (; nun) 

Effect of Stage Number on Energy Consumption 

Constant Residence Time The same tendency of the energy consumption per mole of 
reactants converted and per mol~ of hydrogen produced for the constant residence time was 
found (Fig. 1 Ja), as also observed in the previous case of pure oxygen addition, that they 
tended to rapidly decline from I to 2 stages, but after that :only gradually decreased. 

Constant Feed Flow Rate For the constant feed flow rate, the energy consumption both 
per mole of hydrogen produced and per mole of hydrocarbons converted decreases with 
increasing stage number of plasma reactors from 1 to 3 stages, but beyond 3 stages, it 
conversely increases, as shown in Fig . jib. The minimum energy consumption was 
7.38 x 1024 eV per mole of hydrogen produced and 8.87 x 1024 eV per mole of reactants 
converted at 3 stages of plasma reactors. At 4 stages, the higher energy consumption was 
observed due to less reactant conversions, despite higher H2 production, as compared to the 
3 stages of plasma reactors. 

Comparisons of Refonning of Natural Gas with and without Partial Oxidation 

Two systems with a constant residence time and a constant feed flow rate were so far 
investigated. From an engineering point of view, the systems operating at a constant 
residence time under different feed flow rates with and without oxygen addition are more 
meaningful for making a comparison. Figures 12, 13, J4, and J5 show the comparative 
results of the C02'containing natura) gas refonning with and without the addition of either 
pure oxygen or air using the multistage plasma system under the operating conditions of a 
constant residence time of 4.38 s, an applied voltage of 17.5 k V, a frequency of 300 Hz, an 
electrode gap distance of 6 mm, and a hydrocarbon-to-oxygen molar ratio of 211. 
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17.5 kV ; frequency , 300 Hz; electrode gap distance, 6 mm; residence lime, 4 .38 s; and hydrocarbon-Io­
oxygen molar ral io, 211) 

The conversions of all reactants, except COz, increase substantially in the presence of 
oxygen compared to that without the partial oxidation (Fig. J2) . This may be because 
oxygen molecules assist in improving the performance of the reactions, especially via the 
oxidative dehydrogenation to produce hydrogen [18] , For a comparison between the two 
oxygen sources, the air system provided a higher process performance in terms of reactant 
conversions than the pure oxygen system. The results reveal th at the addition of air in the 
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feed potentially contributes the positive effect to the activation of reactant gases for the 
reforming of COrcontaining natural gas. Surprisingly, the CO2 conversion in the case of 

T adding pure oxygen exhibited comparatively lower values that those of the air system at all 
stages of plasma reactors. This can be explained in that the nitrogen molecules in air 
possibly act as the third body to facilitate chemical reactions by altering the dielectric 
properties of the system and/or by reducing the activation energies of some chemical 
reactions [20]. From the results, the highest reactant conversions were attained at 3 stages 
of plasma reactors when using air as an oxygen source. 

As shown in Fig. 13, the system with oxygen addition provided much higher H2 and C2 

yields than the system without oxygen addition because the oxygen molecules can be 
easily activated by the plasma to form several oxygen active species for extracting the H 
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17 .5 kY; frequency, 300 Hz; electrode gap distance . 6 mm; residence time, 4.38 s; and hydrocarbon-to­
oxygen molar ratio . 211) 

atoms from the hydrocarbon molecules, as mentioned above. Interestingly, for the case of 
oxygen addition, the use of air as an oxygen source also provided significantly higher 
product yields than that of pure oxygen. These can be explained in that nitrogen molecules 
in air can possibly act as the third body to facilitate the reactions, as also mentioned above. 
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Moreover, 3 stages of plasma reactors were clearly found to provide the highest yields of 
H2 and C2, in addition to the highest reaction conversions, for both systems (i.e . with pure 
oxygen and air addition). 

oj The product selectivities are shown comparatively in Fig . 14. Most of the product 
selectivities, except for the C2H4 and C4H\O selectivities, significantly increased, especially 

,., for the CO selectivity, when adding both oxygen sources to the system. However, the 
Jo addition of oxygen provided negative effect on the C2H4 and C4H lo selectivities because 

the oxygen active species generated by the plasma are responsible for the oxidative de­
hydrogenations of both reactants and intermediates to form H 2 and C2H2 products instead 
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of more saturated C2H4 and C~HIO products. Moreover, when comparing the ability of pure 
oxygen and air to induce the H2 fonnation, it was clearly observed that using air as an 
oxygen source provided the superior perfonnance. 

The energy consumption of the investigated systems is shown comparatively in Fig. 15. 
The energy consumption per mole of reactants converted of the systems with oxygen 
addition tended to become lower than that without oxygen addition at any given stage 
number of plasma reactors. However, the energy consumption per mole of hydrogen pro­
duced of the systems with oxygen addition was clearly lower than that without oxygen 
addition at all stage numbers of plasma reactors. When considering the energy consumption 
at high stage numbers in the cases of both the pure oxygen and the air additions, even though 
using the pure oxygen as an oxygen source consumed less energy for the plasma system 
operation, the system with the pure oxygen addition showed lower energy consumption both 
per mole of reactants converted and per mole of hydrogen produced than that with the air 
addition. Moreover, since no other works have been performed to investigate the refonning 
of natunil gas by using any gliding arc discharge systems, the energy consumption in this 
present work cannot be evaluated for making a comparison. However, from our previous 
work [13), the energy consumption of the gliding arc discharge system was found to be 
lower than that of the corona discharge system for the refonning of methane with partial 
oxidation. This verifies the high efficiency of the gliding arc discharge system. 

From these comparisons, it can be concluded that the addition of oxygen (pure oxygen 
or air) provided positive effects on the reforming of CO2-containing natural gas with not 
only enhancing the reactant conversions, the desired product yields, and the desired 
selectivities, but also on consuming comparatively less energy for producing hydrogen, as 
compared to the system without the oxygen addition . In addition, the use of air as the 
oxygen source assists in improving the refonning of COrcontaining natural gas more 
effectively than pure oxygen in tenns of both higher reactant conversions and higher 
product yields and selectivities, which are more advantageous from an economic view­
point, even though the energy consumption is slightly higher for the system with air 
addition. Finally, from the overall results, it can also be reasonably concluded that 3 stages 
of plasma reactors are sufficient to achieve a satisfactorily high process perfonnance. 

Conclusions 

The combined refonning and partial oxidation of COrcontaining natural gas was investigated 
under two systems with a constant residence time and a constant feed flow rate by using a 
multistage gliding arc discharge system. The major products were mainly hydrogen and C2 

hydrocarbons. For the system without partial oxidation operated at a constant feed flow rate, all 
reactant conversions, except CO2 conversion, as well as product yields and product selectivities, 
increased with increasing stage number ofplasma reactors. For the system operated at a constant 
residence time, the stage number of plasma reactors only slightly affected the reactant con­
versions, product yields, and product selectivities. For the system with partial oxidation, the 
stage number of plasma reactors provided positive effects on the reactant conversions, product 
yields, and product selectivities, and also energy consumption was also lower compared to the 
system without partial oxidation. The addition of air as the oxygen source provided better 
process performance for the refonning of COrcontaining natural gas than that of pure oxygen 
in terms of higher selectivities and yields, with reasonably low energy consumption. Moreover, 
the plasma system with 3 stages of plasma reactors led to good process perfonnance with 
acceptably high reactant conversions and desired product yield. 
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