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Abstract The objective of the present work was to study the reforming of simulated

natural gas via the nonthermal plasma process with the focus on the production of

hydrogen and higher hydrocarbons. The reforming of simulated natural gas was conducted

in an alternating current (AC) gliding arc reactor under ambient conditions. The feed

composition of the simulated natural gas contained a CH4:C2H6:C3H8:CO2 molar ratio of

70:5:5:20. To investigate the effects of all gaseous hydrocarbons and CO2 present in the

natural gas, the plasma reactor was operated with different feed compositions: pure

CH4, CH4/He, CH4/C2H6/He, CH4/C2H6/C3H8/He and CH4/C2H6/C3H8/CO2. The results

showed that the addition of gas components to the feed strongly influenced the reaction

performance and the plasma stability. In comparisons among all the studied feed systems,

both hydrogen and C2 hydrocarbon yields were found to depend on the feed gas compo-

sition in the following order: CH4/C2H6/C3H8/CO2 > CH4/C2H6/C3H8/He > CH4/C2H6/He

> CH4/He > CH4. The maximum yields of hydrogen and C2 products of approximately

35% and 42%, respectively, were achieved in the CH4/C2H6/C3H8/CO2 feed system. In

terms of energy consumption for producing hydrogen, the feed system of the CH4/C2H6/

C3H8/CO2 mixture required the lowest input energy, in the range of 3.58 · 10�18–4.14 ·
10�18 W s (22.35–25.82 eV) per molecule of produced hydrogen.
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Introduction

Natural gas generally contains a large amount of methane and significant quantities of

ethane, propane, carbon dioxide and nitrogen. In different parts of the world, the
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composition of natural gas varies considerably according to the different conditions.

Interestingly, natural gas resources with high concentrations of carbon dioxide have been

found in abundance in several areas, especially in Southeast Asia, including Thailand.

Taking into account this point of view, the reforming of methane with carbon dioxide (Eq.

1) is a promising way to directly utilize the natural gas, of which both methane and carbon

dioxide are major constituents, without any prior separation process, resulting in it being

more economical in terms of cutting down the high cost of an additional separation unit

and reducing the net emission of carbon dioxide as a greenhouse gas.

CH4 þ CO2 ! 2COþ 2H2 DH298K ¼ 2:05� 10�19 W s/H2-molecule ð1Þ

Research on the natural gas conversion to useful chemicals and fuels using various

catalysts has been extensively done [1–7]. However, these studies have still faced two main

difficulties: (1) the conventional catalytic reactions of natural gas require high operating

temperatures, due to the presence of methane, a major component of natural gas, which is a

very stable molecule with a strong C–H bond, and (2) the formation of coke deposition on

the surface of spent catalysts, causing their rapid deactivation. Up to now, no catalyst is

favorable for effectively inhibiting the coke formation in the industrial reforming of

methane with CO2.

Non-thermal plasma processes are considered to be attractive alternatives for con-

verting natural gas into more valuable products at lower temperatures with no special

quenching, and they can overcome the drawbacks of conventional catalytic reactions as

mentioned above. Non-thermal plasma has non-equilibrium properties, which are com-

monly characterized by having a very high electron temperature while at the same time

having a very low bulk gas temperature in the plasma zone. Under the non-thermal

plasma environment, the gas molecules are basically activated to create highly active

species (electrons, positive/negative ions and free radicals) for both the initiation and the

propagation of the chemical reactions. Therefore, a number of research studies have

attempted to achieve the higher performance of methane reforming with CO2 using

different types of non-thermal plasmas [8–17]. A gliding arc is a new discharge type of

non-thermal plasma which successfully provides the most effective non-equilibrium

characteristics with simultaneously high productivity and good selectivity. Gliding arc

plasma can be easily generated by applying an electrical discharge across a pair of

electrodes having a special configuration. It is comprised of at least two diverging knife-

shaped electrodes, which are positioned in a rapid gas flow. A high voltage is applied

across the electrodes and provides the necessary electric field to break down the gas

molecules passing between the electrodes and the discharge. The gliding arc discharge is

initially generated through the gas flow at the narrowest gap distance between the

electrodes, and then spreads by gliding progressively along and between the knife-

shaped electrodes in the direction of the gas flow until it extinguishes by itself. Another

new discharge promptly forms again at the initial point, after the voltage in the gap

reaches the breakdown value [18, 19]. According to its simplicity in configuration, as

mentioned above, several research groups have increasingly employed this plasma

reactor type for pollution control [20–24], surface treatment [25–27] and fuel conversion

[28–34].

The objective of this research was to investigate natural gas reforming under non-

thermal gliding arc discharge and was concerned with the concept of direct utilization of

raw natural gas with a high CO2 content. The effects of all of the gas components in natural

gas on methane conversion and product selectivities were investigated experimentally to
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contribute comprehensive knowledge of the interactions among the gas components of

natural gas under plasma reforming conditions. Comparative results of methane conver-

sion, product yield and specific energy consumption in each feed system are also described

systematically in this paper.

Experimental

AC Gliding Arc Discharge System

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

transducers supplied by SIERRA1 Instrument, Inc. A 7-mm in-line filter was placed up-

stream of each mass flow controller in order to trap any foreign particles. A check valve

was placed downstream of each mass flow controller to prevent any back flow of the

reactant gas. All of the reactant gases were well mixed inside a mixing chamber before

being introduced upward to the gliding arc reactor.

The configuration of the AC gliding arc reactor and the experimental set-up of the

studied plasma system are shown in Figs. 1 and 2, respectively. The gliding arc reactor was

made of a glass tube with 9 cm OD and 8.5 cm ID, and has two diverging knife-shaped

electrodes that were fabricated from stainless steel sheets with 1.2 cm width of each

electrode. These electrodes were vertically positioned inside the reactor and connected to

the power supply with four stainless steel rods. 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 reactant gases to pass through the plasma zone. The two ends of

reactor were sealed with two neoprene rubber stoppers. The studied system was conducted

at atmospheric pressure and ambient temperature. The compositions of the feed gas

mixture and the outlet gas were analyzed by an on-line gas chromatograph (HP, 5890). A

Carboxen 1000 packed column connected to a thermal conductivity detector (TCD) was

used to detect H2, N2, O2, CO, CH4, CO2, C2H2, C2H4 and C2H6. A PLOT Al2O3 ‘‘S’’

Feed gas inlet

Gliding arc electrode

Glass tube

Teflon plate

Teflon plate

Fig. 1 Configuration of a gliding arc plasma reactor
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capillary column connected to a flame ionization detector (FID) was used to detect all

small and large hydrocarbon molecules.

The power supply function 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, power factor, current,

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

Feed Gas Systems and Procedure

A series of experiments in this work were performed under different feed gas systems: pure

methane, CH4/He, CH4/C2H6/He, CH4/C2H6/C3H8/He and CH4/C2H6/C3H8/CO2. Methane

(CH4) with 99.99% purity, ethane (C2H6) with 99.5% purity, and propane (C3H8) with

99.5% purity were supplied by Thai Industrial Gas (Public) Co., Ltd. Carbon dioxide (CO2)

with 99.99% purity and helium (He) with 99.995% purity were supplied by Praxair

(Thailand) Co., Ltd. In order to determine the effect of each component in the natural gas,

each gas component was added one by one. Table 1 shows the molar compositions of the
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Fig. 2 Experimental set-up of the gliding arc plasma system
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different feed systems used in the present study. The experiment was started with pure

methane. After that, helium was added to obtain a constant methane-to-helium feed molar

ratio of 70:30. Next, ethane, propane and CO2 were added consecutively in order to obtain

the required molar ratios of each feed system. In order to determine the effects of each gas

component in the feed, the gliding arc system was operated by varying the feed flow rate,

while the frequency, applied voltage, and electrode gap distance were kept constant. For

any studied conditions, the feed was introduced into the gliding arc system without turning

on the power unit. After the composition of outlet gas was invariant with time, the power

unit was turned on. The outlet gas composition was analyzed every 30 min by the on-line

GC. After the system reached steady state, the analysis of outlet gas composition was taken

at least a few times for every 1-h interval. The experimental data were averaged to assess

the process performance. During the experiments, the temperature at the reactor wall was

found to be in the range of 150–2008C. Since the volume of the reactor outlet zone is rather

large, the outlet gas was cooled close to room temperature. Both the flow rates of the feed

and of the outlet were measured by using a bubble flow meter because of the gas volume

change after the reaction.

Reaction Performance Evaluation

The conversion is defined as:

% conversion ¼ ðmole of reactant in�mole of reactant outÞ ð100Þ
mole of reactant in

ð2Þ

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

containing reactants converted from the reactants into any specified product as stated in Eq.

(3). In the case of hydrogen product, its selectivity is calculated based on H-containing

reactants converted as stated in Eq. (4):

% selectivity of any hydrocarbon product ¼ ½P�ðCPÞð100Þ=R½R�ðCRÞ ð3Þ

where [P] = moles of product in outlet gas stream; [R] = moles of each reactant in feed

stream to be converted; CP = number of carbon atoms in a product molecule; and

CR = number of carbon atoms in each reactant molecule.

% selectivity of hydrogen ¼ ½P�ðHPÞð100Þ=R½R�ðHRÞ ð4Þ

where HP = number of hydrogen atoms in a product molecule and HR = number of

hydrogen atoms in each reactant molecule.

Table 1 Gas compositions and
feed molar ratios of all studied
feed systems

Feed gas composition Feed molar ratio

Pure CH4 –

CH4:He 70:30

CH4:C2H6:He 70:5:25

CH4:C2H6:C3H8:He 70:5:5:20

CH4:C2H6:C3H8:CO2 70:5:5:20
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The product yield is formulated as follows:

% yield of C2 hydrocarbons ¼Rð% conversion of CH4;C2H6;C3H8;CO2Þ
� Sigmað% selectivity of C2H2;C2H4; C2H6Þ=ð100Þ

ð5Þ
% yield of H2 ¼ Rð%conversion of CH4;C2H6;C3H8Þ ð% selectivity of H2Þ=ð100Þ ð6Þ

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

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

following equation:

specific energy consumption ¼ ðPÞð60Þ=ð~NÞðMÞ ð7Þ

where P = power (W); Ñ = Avogadro’s number (6.02 · 1023 molecules g-mole�1); and

M = rate of converted carbon in feed or rate of produced hydrogen molecule (g-mole min�1).

Results and Discussion

Pure Methane Feed System

The results of the pure methane feed system as a function of feed flow rate are shown in Fig. 3.

The feed flow rate was varied from 25 to 150 cm3/min, corresponding to the residence time in

the range of 7.71–1.28 s. An increase in the feed flow rate results in lowering residence time in

the plasma reaction zone and, therefore, the probability of collision between methane mol-

ecules and highly energetic electrons decreases, causing the largely decreasing methane

dissociation or conversion and the yield of H2 and C2 products, as shown in Fig. 3(a). From

Fig. 3(b), the concentrations of H2 and C2 products (C2H2, C2H4, and C2H6) decrease sharply

with increasing feed flow rate up to 75 cm3/min and then reach minimum values at very high

feed flow rates. The main gas products were H2, C2H2, C2H4, and C2H6. Other hydrocarbon

products, C3H8 and C4H10, were also detected in very small amounts lower than 0.05%.

Interestingly, hydrocarbons higher than C4 were not detected. For any given feed flow rate,

the concentrations of gaseous products were in the following order: H2 > C2H6 & C2H4 &
C2H2 > C3H8 & C4H10. Figure 3(a) shows that at the lowest feed flow rate (25 cm3/min), the

highest yields of H2 and C2 products are approximately 9% and 11%, respectively. Under this

pure methane feed system, the hydrogen selectivity was much higher than the other products

for all feed flow rates (Fig. 3(c)), and the molar ratio of H2 to C2 products was approximately

2–3.5, suggesting that hydrogen is a primary product, which may be derived from the three

main plausible reactions: (1) the dissociation of methane by electrons (Eqs. 8–11), (2) the

dehydrogenation of ethane and ethylene (Eqs. 20–21), which are successively derived from

coupling reactions of active species derived from methane dissociations (Eqs. 12–19), and (3)

the cracking reaction of methane (Eq. 22). The methane cracking reaction is verified by the

presence of a large amount of coke deposit on the electrode surface and the inner reactor glass

wall after running the plasma system for a long period of time.

Dissociation reactions of methane:

e� þ CH4 ! CH3 þ Hþ e� ð8Þ
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e� þ CH3 ! CH2 þ Hþ e� ð9Þ
e� þ CH2 ! CHþ Hþ e� ð10Þ

Hþ H! H2 ð11Þ

Coupling reactions of active species derived from methane dissociations:

CH3 þ CH3 ! C2H6 ð12Þ
CH3 þ CH2 þ H! C2H6 ð13Þ

CH3 þ CH! C2H4 ð14Þ
CH2 þ CH2 ! C2H4 ð15Þ

CH2 þ CHþ H! C2H4 ð16Þ
CHþ CH! C2H2 ð17Þ

CH3 þ CH3 þ CH2 þ CH2 ! C4H10 ð18Þ
CH3 þ CH3 þ CH2 ! C3H8 ð19Þ
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Fig. 3 Effect of feed flow rate on (a) CH4 conversion and product yields, (b) concentrations of outlet gas,
and (c) product selectivities of pure methane feed system (applied voltage, 15.5 kV; frequency, 200 Hz; and
electrode gap distance, 6 mm)
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Dehydrogenation reactions of products derived from coupling reactions:

C2H6 ! C2H4 þ H2 ð20Þ
C2H4 ! C2H2 þ H2 ð21Þ

Cracking reaction of methane:

CH4 ! Cþ 2H2 ð22Þ

As clearly noticed in Fig. 3(c), with increasing feed flow rate, the H2 selectivity tends to

decline. The results are in good agreement with the work conducted by Holmen et al. [33].

In contrast, the selectivities of C2H6 and C2H4 slightly increased at higher feed flow rates

while that of C2H2 was fairly constant at about 20%. The results imply that the methane

cracking reaction favors at longer reaction times, whereas the coupling reactions of radi-

cals forming C2 products favor at shorter reaction times or higher feed flow rates. This is

because the methane cracking reaction requires a higher energy than the methane coupling

and dehydrogenation reactions. Additionally, the selectivities of C3H8 and C4H10 were

very low and remained nearly constant throughout the studied range of feed flow rates. The

reactions to form C3H8 and C4H10 possibly result from the coupling of various radicals

derived from the methane dissociation. For a comparison among all C2 products, there

were no significant differences in their selectivities and concentrations at the same flow

rates because the molar ratios of C2H6/C2H4 and C2H4/C2H2 were quite close to one,

indicating that the rates of C2H6, C2H4, and C2H2 formation are almost the same. As shown

in Fig. 3(c), the molar ratio of H2 to C2 products is in the range of 1.8–3.5, and it decreases

with increasing feed flow rate, indicating that the cracking reaction of methane occurs with

much more difficulty than the methane dissociation, methane coupling, and dehydroge-

nation reactions.

CH4/He Feed System

This experiment was conducted to investigate the effect of added helium on the plasma

reforming reactions of methane at a CH4:He feed molar ratio of 70:30. The CH4/He feed

system was operated at different feed flow rates in the range of 50–150 cm3/min at a fixed

gap distance of 6 mm. The methane conversion decreases slightly with increasing feed flow

rate, as shown in Fig. 4(a). The decrease in methane conversion is because an increase in

feed flow rate leads to a shorter residence time, which, in turn, leads to a lower methane

conversion, as already stated before. Although both the H2 and C2 yields showed similar

trends to the CH4 conversion, the C2 yield was much higher than the H2 yield. Figure 4(b)

shows the outlet gas concentrations as a function of the feed flow rate. The concentration of

methane in the reactor outlet stream increased gradually with increasing feed flow rate. The

concentrations of all higher hydrocarbon products and H2 slowly decreased with increasing

feed flow rate up to 125 cm3/min and then remained almost constant. The concentrations of

C3H8 and C4H10 decreased slightly as the feed flow rate increased, and they were very low.

The result indicates that the feed flow rate has little effect on the production of C3H8 and

C4H10. Figure 4(c) shows the product selectivities and the molar ratio of H2 to all C2

products as a function of feed flow rate. The selectivities of C2H6 and H2 decreased with

increasing feed flow rate while the selectivities of C2H4, C2H2, C3H8, and C4H10 remained

unchanged with feed flow rate. The molar ratios of H2/C2 products, C2H6/C2H4, and C2H4/
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C2H2 did not vary with feed flow rate. For the CH4/He feed system, the concentrations of

gaseous products were in the following order: H2 > C2H6 > C2H4 > C2H2 > C3H8 & C4H10.

For a comparison between these two feed systems, pure methane and methane/helium,

the presence of helium in the feed had a positive effect on the system by promoting the

stability of plasma by remarkably reducing carbon formation on the electrode surface and

on the inner glass wall of the reactor. From the observation and the calculation of carbon

balance, carbon formation was found to be less than 1% for the methane/helium feed

system while a larger amount of coke clearly appeared in the pure methane feed system,

particularly at low feed flow rates. Figure 4(c) shows that the selectivities of all C2 products

did not change significantly over the studied range of feed flow rate, while the selectivities

of C3H8 and C4H10 hydrocarbons decreased slightly with increasing feed flow rate. This

result implies that the feed flow rate plays an insignificant role on product selectivities in

the CH4/He feed system. Interestingly, the C2H6/C2H4 molar ratio was greater than 1,

indicating that the formation rate of C2H6 is higher than the formation rate of C2H4. In

addition, the molar ratio of H2/C2 products was found to be lower than 2 for this feed

system while it was about 2–3 for the pure methane feed. This might be attributed to a
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higher formation rate of C2H6, thus leading to the higher values of C2H6 selectivity among

all products at any given feed flow rate. Ethane was the main product in the CH4/He feed

system, suggesting that in the presence of He, the coupling reaction of methane via methyl

radicals to form ethane may have a higher probability of occurring than the other reactions,

as compared to the pure methane feed system.

Furthermore, in the case of the methane/helium system at any given feed flow rate,

concentrations and selectivities of C2 products showed a noticeable difference in values for

C2H6, C2H4, and C2H2 (C2H6 > C2H4 > C2H2). The obtained results imply that C2H6 is

mostly dehydrogenated to form C2H4 and H2, and C2H4 may be further dehydrogenated to

form C2H2 and H2, as confirmed by the molar ratios of H2/C2, C2H6/C2H4, and C2H4/C2H2

remained nearly constant in the narrow range of about 1–2 throughout the studied feed flow

rate range.

CH4/C2H6/He Feed System

This experiment was designed to investigate the effect of added ethane on the plasma

reforming reactions of methane with a CH4:C2H6:He feed molar ratio of 70:5:25. The feed

flow rate was varied from 50 to 150 cm3/min, corresponding to a residence time in the

range of 3.86–1.28 s. Figure 5 shows the results of the plasma reforming reactions of the

CH4/C2H6/He feed system at different feed flow rates. From Fig. 5(a), with increasing feed

flow rate, both CH4 and C2H6 conversions decrease as expected, and the H2 and C2 product

yields appear to drop remarkably. The conversion of C2H6 was about two times higher than

that of CH4 because the bond dissociation energy (BDE) of C2H6 (4.35 eV) is lower than

that of CH4 (4.55 eV) [35], resulting in the molecules of C2H6 being easily converted to

other reactive species when compared with those of CH4. Figure 5(b) shows that the main

gaseous products are only H2, C2H4, and C2H2 with trace amounts of C3H8 and C4H10.

Again, no other products of higher C4 hydrocarbons were detected. Figure 5(c) shows

the product selectivities and the molar ratios of H2/C2H4, H2/C2H2, and C2H4/C2H2 as a

function of feed flow rate. With increasing feed flow rate, the selectivities of H2 and C2H2

tended to decrease slightly. In contrast, the selectivity of C2H4 increased prominently, but

the selectivities of C3H8 and C4H10 remained unchanged with increasing feed flow rate.

The molar ratio of H2 to C2H2 or C2H4 tended to decrease slightly, while the C2H4/C2H2

molar ratio increased with increasing feed flow rate, suggesting that the rate of the

dehydrogenation reaction decreases with increasing feed flow rate.

In a comparison with the CH4/He feed system at any given feed flow rate, the addition

of C2H6 showed experimentally the increment of CH4 conversion, especially at low feed

flow rates. Thanyachotpaiboon et al. [36] also described the enhancement of CH4 con-

version in the case of adding ethane to the feed and using a DBD reactor where the ethane-

derived active species are able to activate methane more readily than those formed from

methane itself. Conversely, at a higher flow rate, the CH4 conversion was found to be lower

than that of the CH4/He feed system, indicating that adding ethane does not promote the

synergetic effect on the CH4 conversion at these conditions of high feed flow rates. It is

believed that a number of highly energetic electrons collide with ethane instead of

methane, and some radicals dissociated from ethane may form methane, thus allowing for a

lowering of the CH4 conversion. Furthermore, the addition of C2H6 can somewhat enhance

the extent of product concentrations, particularly H2 and C2 products. As can be seen in

Fig. 5(c), the selectivities of C3H8 and C4H10 remain almost unchanged for all feed flow
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rates. Meanwhile, the C2H4 selectivity increased while the selectivities of C2H2 and H2

decreased slightly with increasing feed flow rate. Because some quantities of C2H2 and H2

produced in this feed system are generated from the dehydrogenation reactions of C2H4,

the rate of C2H4 dehydrogenation becomes lower with the increasing feed flow rate, which

is confirmed from the decrease in the H2/C2H4 molar ratio from 5.18 to 3.28, as well as the

increase in the C2H4/C2H2 molar ratio from 1.29 to 1.89. The product distribution of the

CH4/C2H6/He feed system had quite similar trends to that of the CH4/He feed system, as

described above. However, higher quantities of H2, C2H4, C2H2, C3H8, and C4H10 selec-

tivities are clearly noticed in this feed system, suggesting that the presence of C2H6 in the

gas feed mixture enhances the plasma reactions. Similarly, Thanyachotpaiboon et al. [36]

found that higher selectivities of C3 and C4 hydrocarbons could be obtained by the addition

of C2H6 in the feed. Surprisingly, the amount of carbon deposit was not apparently dif-

ferent from that of the pure methane feed system, although the CH4/C2H6/He feed system

had a lower partial pressure of methane due to the dilution by the addition of He and C2H6

in the feed. The results indicate that carbon deposit may be not only derived from the

cracking reaction of methane, but may also result from the cracking reaction of ethane.
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CH4/C2H6/C3H8/He Feed System

In this experiment, 5% propane was introduced into the feed gas mixture in order to

investigate the effect of added propane on the reforming of methane under a plasma

environment with a molar ratio of the CH4:C2H6:C3H8:He feed system of 70:5:5:20. The

results of the CH4/C2H6/C3H8/He feed system at various feed flow rates in the range of 75–

175 cm3/min are presented in Fig. 6. Both the conversions of three hydrocarbon reactants

(CH4, C2H6, and C3H8) and the product yields (H2 and C2) are significantly influenced by

the feed flow rate, as shown in Fig. 6(a). With increasing feed flow rate, from 75 to

175 cm3/min, the CH4 conversion slightly decreased from 9.23% to 4.38%, the C2H6

conversion moderately decreased from 21.90% to 7.83%, and the C3H8 conversion dras-

tically dropped from 41.54% to 21.39%. As mentioned before, the effect of feed flow rate

is clearly affected by the residence time. From the results, the reactant conversions were in

the following order: C3H8 > C2H6 > CH4. The results can be explained by the differences in

the bond dissociation energies of propane, ethane and methane, which are 4.33, 4.35 and

4.55 eV, respectively [35]. The effect of feed flow rate on the outlet gas composition is
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shown in Fig. 6(b). Both C2H2 and C2H4 concentrations declined remarkably when the feed

flow rate increased. The concentrations of H2 and C4H10 decreased slightly with increasing

feed flow rate. The concentration of H2 was in the range of about 2–6%, which is

equivalent to 8–17% H2 yield. From Fig. 6(c), when the feed flow rate increases, the C2H4

selectivity increases from 20.88% to 29.96% while the selectivities of H2, C2H2, and C4H10

remain nearly invariant for all feed flow rates. Also, the molar ratio of H2 to C2H4

decreased, but the molar ratio of C2H4 to C2H2 increased with an increment of feed flow

rate. The molar ratio of H2 to C2H2 was nearly unaffected by changes in the feed flow rate.

For a comparison between the CH4/C2H6/He and CH4/C2H6/C3H8/He feed systems, the

latter system had concentrations of all products higher than in the former system, sug-

gesting that the addition of C3H8 simply enhances all plasma reactions. Moreover, a much

larger amount of coke was found to deposit on the electrode surface and the reactor inner

wall, indicating a higher amount of carbon deposit derived primarily from the cracking

reactions of all reactants: methane, ethane, and propane. Interestingly, the results of all

product selectivities of the CH4/C2H6/C3H8/He feed system were lower than the CH4/

C2H6/He feed system, except for the C4H10 selectivity. A possible explanation is that C3H8

added to the feed requires more energy in order to be converted into smaller compounds

(e.g. carbon, C2 hydrocarbons and H2) via the dissociation, coupling, dehydrogenation,

and cracking reactions. Besides, some extent of formed products may be reformed to

reactants via recombination reactions, causing the decrement of their overall selectivities.

The results reveal that the addition of He can enhance all plasma reactions.

CH4/C2H6/C3H8/CO2 Feed System

This experiment was to investigate the effect of added CO2 on the plasma reactions of

methane reforming. The studied feed composition had a CH4:C2H6:C3H8:CO2 molar ratio

of 70:5:5:20, which was simulated on the basis of an actual natural gas containing a high

CO2 content. For this feed system, the gilding arc system had to be run at a frequency of

300 Hz since at a frequency of 200 Hz, steady plasma could not appear for a wide range of

feed flow rate (at a frequency of 200 Hz, steady plasma could only appear for a narrow

range of feed flow rate from 100 to 150 cm3/min). The results shown in Fig. 7 present the

influence of feed flow rate on the plasma reforming reactions of the simulated natural gas.

From Fig. 7(a), the conversions of all gas reactants in the simulated natural gas and product

yields are influenced by feed flow rate in the studied range of 75–200 cm3/min. The

conversions of all reactants decreased with increasing feed flow rate due to the decrease in

the contact time or the residence time. The propane conversion decreased substantially

with increasing feed flow rate while the conversions of methane and CO2 tended to

decrease slightly. The conversions of all reactants were in the following order: C3H8 >

C2H6 > CH4 > CO2, resulting from their bond dissociation energies, which are 4.33, 4.35,

4.55 and 5.52 eV, respectively [35]. A higher bond dissociation energy leads to more

difficulty to dissociate and react to form other species. From Fig. 7(b), the concentrations

of almost all products in the plasma reactor outlet stream appear to be nearly independent

of the feed flow rate. The CO2 concentration in the outlet gas stream only slightly dropped

from its initial concentration. The amount of hydrogen produced was approximately 4–6%,

corresponding to 8–17% H2 yield. Likewise, the product selectivities of C2H4, H2, C2H2,

C4H10 and CO remain almost unchanged with the feed flow rate, as shown in Fig. 7(c).

Similar to the results of product selectivities, the product molar ratios were not affected by

the feed flow rate. The H2/CO and (C2H4 + C2H2)/CO molar ratios were relatively constant
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at approximately 13–14 and 6–7, respectively. The molar ratio of H2/CO was approxi-

mately twice that of (C2H4 + C2H2)/CO. This can be explained in that both the dissociation

reactions and the dehydrogenation reactions produce hydrogen.

Comparative Results of Different Feed Gas Compositions

To gain a more qualitative understanding, the comparative results of plasma reforming

reactions under different feed compositions and different feed flow rates (100, 125 and

150 cm3/min) at an applied voltage of 15,500 V, a frequency of 200 Hz, and a gap distance

of 6 mm are summarized in Figs. 8–10. From Figs. 8 and 9, for any given feed system, with

increasing feed flow rate, both the CH4 conversion and the product yields clearly decrease

because of decreasing residence time, as mentioned earlier. In a comparison between the

pure methane and CH4/He systems, the addition of helium resulted in the enhancement of

methane conversion.
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For a comparison between the pure methane and CH4/He feed systems, the CH4 con-

version and C2 yield were somewhat higher in the case of adding helium to the methane

feed while the H2 yields showed no difference, as compared at the same feed flow rates. An

explanation for this obtained result was already reported in the previous section. In con-

trast, the entire system, in the case of adding He, consumed much higher energy per

molecule of reactant converted or per molecule of hydrogen produced than the pure

methane feed, as shown in Fig. 10. It is partly because helium is an inert gas component

that can absorb some of the input energy, thereby leading to the higher energy consumption

in the CH4/He system. It can be concluded from these results that the addition of helium

sufficiently enhances the CH4 conversion and C2 yield, but it causes a great increase in the

specific energy consumption. When ethane is added, the CH4 conversion decreases

slightly, indicating that adding ethane does not promote the synergetic effect on the

conversion of CH4. It is believed that a number of highly energetic electrons collide with

ethane instead of methane while to some extent, the radicals dissociated from ethane may

form methane, therefore resulting in the insignificant change in the CH4 conversion. In

contrast to the present result, Thanyachotpaiboon et al. [36] reported that the CH4 con-

version increased when ethane was added in a dielectric barrier discharge (DBD) reactor.

Interestingly, for the case of propane addition, a large increase in CH4 conversion was

observed. Moreover, the CH4/C2H6/C3H8/CO2 feed system exhibited very high values of

CH4 conversion at all feed flow rates and seemed to be higher than other studied feed

systems without adding CO2, particularly at high feed flow rates. In the presence of CO2 in

the feed under the plasma environment, CO2 acts as an oxidative gas which can contribute

one of two oxygen atoms for the conversion of hydrocarbons by the dissociation reactions
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(Eqs. 23 and 24). Afterwards, the active oxygen species derived from the CO2 dissociation

reactions will extract hydrogen from the molecules of hydrocarbon gases via the oxidative

dehydrogenation reactions (Eqs. 25–30). Therefore, the addition of CO2 considerably

enhances the conversions of hydrocarbons in the feed.

Dissociation reactions of carbon dioxide:

e� þ CO2 ! COþ O� ð23Þ
e� þ CO2 ! COþ Oþ e� ð24Þ

Oxidative dehydrogenation reactions:

CH4 þ O! CH3 þ OH ð25Þ
C2H6 þ O! C2H5 þ OH ð26Þ
C3H8 þ O! C3H7 þ OH ð27Þ
CH4 þ OH! CH3 þ H2O ð28Þ

C2H6 þ OH! C2H5 þ H2O ð29Þ
C3H8 þ OH! C3H7 þ H2O ð30Þ

Regarding the results of H2 and C2 yields as shown in Fig. 9, at any given feed flow rate,

the CH4/C2H6/C3H8/CO2 feed system provides the highest H2 yield, as well as the highest

C2 yield, while the CH4/He feed system gives the lowest H2 yield. As noted earlier, the

CO2 added to the feed can extract hydrogen atoms form the molecules of hydrocarbons,

thereby providing more opportunities for coupling reactions to occur. In addition, H2

molecules could also be obtained from the dehydrogenation reactions of C2H6 and C3H8.

For the CH4/He feed system, H2 formation seems to be less than other feed systems,

resulting from the reactant gas component as the source of hydrogen being only methane.

The energy consumption of the AC gliding arc system is very complex, depending on

the composition of feed gas and the reaction products in the plasma zone. As compared in

Fig. 10, which shows the energy consumption per reactant molecule converted or per

hydrogen molecule produced in the different feed compositions at various feed flow rates,

the quantities of specific energy consumption are clearly seen to reduce in the following

order: CH4/He > CH4/C2H6/He > CH4/C2H6/C3H8/He > CH4/C2H6/C3H8/CO2 feed gas

systems. For the different feed compositions studied, the minimum energy requirement was

found for CH4/C2H6/C3H8/CO2 feed system to be about 3.86 · 10�18–4.63 · 10�18 W s

(24.08–28.92 eV) per molecule of converted reactant and 3.58 · 10�18–4.14 · 10�18 W s

(22.35–25.82 eV) per molecule of produced hydrogen.

Conclusions

The conversion of natural gas containing a high concentration of carbon dioxide and other

hydrocarbon gas components was investigated at various feed flow rates under non-thermal

gliding arc discharge plasma. The major products were hydrogen and C2 hydrocarbons

with high product yields and product selectivities. The presence of other gas components

presented in natural gas was found to play an important role affecting the reaction per-

formance, the chemical reaction pathways and the plasma stability. For all added gaseous

components, including ethane, propane and carbon dioxide, the hydrogen and C2 yields
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and specific energy consumption were found to increase significantly. In particular, the

addition of carbon dioxide provided the best results for the plasma reforming reactions of

natural gas, with the highest CH4 conversion and H2 and C2 product yields, and the lowest

energy consumption. Further studies are currently being conducted to optimize the process

parameters (applied voltage and frequency) for the reforming of natural gas with a high

CO2 content.
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