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INTRODUCTION
Carbon dioxide is the end product to complete combustion of all fossil fuels. The generation of
carbon dioxide is the primary cause for the greenhouse effect. However, carbon dioxide is a
potential carbon source. To utilize such a plentiful carbon source, it has been considered carbon
dioxide as a feedstock for organic synthesis of carbonyl- and carboxyl-containing compounds or
as an oxidant for oxidative synthesis of more valuable organics (Krylov and Mamedov, 1995; Xu
and Moulijn, 1996). The heterogeneous catalysis has been extensively thought to be the
desirable technique for CO, utilization. Especially, for the oxidative synthesis, the radical
reactions have been demonstrated (Nishiyama and Aika, 1990). But, a difficulty faced in the
regular catalytic conversion of carbon dioxide to usable chemicals is the industrial CO,
emissions containing “poisonous” gases, ¢.g., SOx. Although gas “scrubbing” is usually
conducied first to eliminate the poisonous gases from flue gases, trace SOy can still remain in the
gases.  Regarding this, some altemative technology should be investigated. The previous
researches on the oxidative conversion of methane have indicated that the plasma radical
reactions are quite similar to the heterogeneous catalytic radical reactions (Oumghar et al., 1995),
but the plasma way has a higher efficiency in initiating radicals. Reduction of CO; from flue
gases using a corona discharge at the ‘same time with reduction of SO, and NOy has also been
performed by Higashi er al. (1985) and Xie et al.(1991). Maezono and Chang (1990) tried to
produce the commercial CO by reduction of CO, from combustion gases using dc corona
lorches. The plasma promoted catalytic reduction of CO; from flue gases has also been reported
(Jogan er al.. 1993). The oxidative synthesis of aldehydes from methane and carbon dioxide by
gas discharges has been reported as early as 1930s (Finlayson, 1935). A gas mixture containing
58% methane and about 33.3% carbon dioxide was used for such a synthesis in the temperature
range of 25°C to 500°C. No further mechanism analysis was reported. Exactly, carbon dioxide
can contribute one of its two oxygen atoms for oxidative synthesis by electronic dissociative
aitachment reactions: .
e+COy -»CO+0" ()]

or e+CO; »CO+0+e )
The O and some melastable states of O have been well-known as active oxygen species for
oxidative synthesis of organics (Oumghar, et al., 1995). Gas discharge (glow, corona, arc and
silence discharges) is an abundant resource of free radicals. The potential to develop a technique,
in which oxidative synthesize of high-valued hydrocarbons together with removal of CO,, NOy
and SOy is very economically attractive. The by-product of such a technique is carbon monoxide,
which can be also applied for organic synthesis, e.g., F-T synthesis. In this paper, the results of
oxidative methane conversion to ethane and ethylene using CO; as an oxidant by streamer corona
discharge is reported.

EXPERIMENTAL APPARATUS AND PROCEDURE

The quartz tube reactor (with an LD. of 6 mm and a tube length of 600 mm) for the streamer
corona discharge synthesis consists of two electrodes. The top wire electrode and the lower
cylindrical hollow electrode with a diameter 1 mm less than the inner diameter of the quartz tube
is shown in figure 1. The gap between the two stainless steel electrodes is 12 mm. The feed gas
flow enters the upstream wire electrode and exits at the downstream one. The streamer corona
discharge is generated between these two electrodes by an AC generator, with which a high
voltage transformer is applied. The AC voltage provides an easy way to generate the streamer
discharges, which takes place only when the voltage reaches a sufficiently high level during each
half cycle, as shown in figure 2. In the discharge volume, the interaction between accelerated
charged particles (i.e., electrons and ions) and other chemical species (ie., molecules and
radicals) takes place. This interaction leads to the formation of new chemical species, like
ethane, ethylene and carbon monoxide.

(Figures 1 and 2)

The feed gases CO, ,CH, and the dilution gas Helium are adjusted by controlling the flow rate.
The effluent product gases run through a condenser to eliminate the moisture from the gas
mixture. This gas mixture from condenser is then analyzed by an on line gas chromatography
(HP5890) using a TCD detector. The gas pressure inside the reactor is slightly above the
atmospheric pressure. All the experiments are initiated at room temperature (around 25°C). No
attempt has been made to heat or cool the reactor externally. The gases from the gas cylinders
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are mixed and then fed into the quartz reactor where a streamer corona discharge is generated.
The input power to the high-voltage transformer is measured by recording the current and
voltage.

With such an experimental device, the methane and carbon dioxide conversions are defined as:
Methane conversion = (moles of methane consumed/moles of methane introduced) * 100%

CO; conversion = (moles of CO; consumed/moles of CO; introduced) * 100%

The yield of C, hydrocarbons is as following:

~ Yield of ethane = 2 * (moles of ethane formed)/(moles of methane consumed) * 100%

Yield of ethylene = 2 * {(moles of ethylene formed)/(moles of methane consumed) * 100%

RESULTS

All the corona discharge reactions are started at room temperature. The gas temperature reaches

200°C to 500°C depending on the different reaction conditions. The reaction temperature is

measured by an insulated copper-constantant thermal couple situated upstream or downstream of
reaction zone. The detail of such temperature measurements with plasma or electric field has

been discussed elsewhere (Kingston and Jassie, 1988; Oumghar ef al., 1994).

The experimental results are shown in figure 3 to 6. Figure 3 shows the effect of applied voltage.

When the applied voltage reaches 3.75kV, the gas discharge is initiated. The discharge reactions

lead to the change in compositions. From figure 3, the reaction rate of methane and carbon

dioxide have significant variations above 4.4 kV of the applied voltage.  The composition of
ethane increases with increasing in the applied voltage-at the very beginning and then decreases,

while the composition of ethylene increases slightly with increasing in the applied voltage.

Figure 3 shows a significant increase in the composition of carbon monoxide. This suggests that

part of C; products are destroyed to form CQO by the increasing voltage. According to figure 3, it"
is not suggested that high voltage should be applied if the favorable C, products can not be

moved out of the discharge reactor quickly.

(Figures 3, 4, 5 and 6)

The effect of CO, /CHs ratio is shown in figure 4. From reactions (1) and (2), more CO; in the

feed will generate more active oxygen species for methane conversion. This has been

demonstrated in figure 4. The conversion of CO, and CH, monotonically increase with

increasing amount of carbon dioxide when the partial pressure of methane is kept constant. The

yield of ethane decreases with increasing CO, / CHa ratio. This means ethane has been converted

to form some different species. The yield of ethylene shows a maximum when the CO, / CH,

ratio is equal to 2. The decrease in yield of ethylene suggests that an increase in the amount of
the oxidant, CO, , leads to the complete oxidation of hydrocarbons.

Figure 5 shows the effect of flowrate on the discharge reactions. The high flowrate results into a

short residence time. The experimental results demonstrate that a higher yield of ethylene occurs

at the lower flowrate or longer residence time. The conversion of CO; and CH,4 and the yield of
ethylene decrease with the increase in the flowrate, but the yield of ethane increases. This
suggests that ethane is a primary product and ethylene is the secondary product, which is formed
by the oxidative of dehydrogenation of ethane. The same conclusion has also been drawn from

figures 3 and 4, and can be further confirmed by the effect of frequency.

The streamer corona discharge generated by AC electric field is characterized with the temporary
DC corona discharge, established within each half-cycle, as shown in figure 2. The effect of
frequency is thought to be on the duration of each temporary DC corona discharge.

Experimental results shown in figure 6 shows that the long duration (low frequency) is
disfavorable for the yield of ethane and ethylene. The yield of ethane decreases with decreasing
the frequency, but the yield of ethylene shows a maximum at frequency of 70Hz. This suggests

that ethane is converted to ethylene at the lower frequencies, while at too low frequencies (less

than 70 Hz) ethylene is also converted and complete oxidation occurs. The largest change in
conversion of CO, and CHy, is observed at the frequency of 70 Hz.

DISCUSSION
Here, we have experimentally confirmed that the streamer corona discharge oxidative coupling
of methane using CO; as an oxidant is much more effective than the heterogeneous way, by
which the yield of C; hydrocarbons was limited to less than 9% because of the difficulty in
activation of catalysts (Nishiyama and Aika, 1990; Xu and Moulijn, 1996). This can be
explained from the thermodynamics. The total synthesis reactions (Krylov, 1992):

2CH,4 + COy = C3Hg +.CO + Hy0, AG®yo73x = 35 kJ/mol 3)
and 2CH4+ COz = C2H4 +2CO + 2}‘[20, AG°|073K ~0 kJ/mol (4)
Both these reactions are a little thermodynamically unfavorable, especially the first one. A high
reaction temperature is expected for these two reactions with limited C, vyield, if the regular
catalytic way is employed. Other thermodynamically favorable reactions of CO, and CH,, e.g.,
syngas (CO + Hy) formation, will compete with these C; formation reactions such regular
catalytic techniques at sufficiently high temperatures. Considering this, the plasma can be
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applied for enhancing the competitiveness of reactions (3) and (4). Also, from the
thermodynamic point of view, the plasma will be useful for two classes of systems (Veprek,
1972): systems in which the reaction is allowed thermodynamically but hindered kinetically, and
systems with which the reaction does not proceed due to an extreme chemical equilibrium
constant in the absence of plasma. Reactions (3) and (4) would be covered by the first system.
For this kind of reactions, a weak discharge, e.g., streamer discharge, can promote greatly the
reactions. Such weak discharge promoted reactions are characterized themselves with low
gaseous temperature and high electronic temperature. And, as the reaction temperature was
experimenially measured to be less than 500°C, and according to researches on methane
pyrolysis (Holmen er al., 1995), no direct methane conversion was generated under 1000°C,
therefore we may exclude the possibility of methane pyrolysis to higher hydrocarbons during our
experiments. Basically, in our discharge system, a streamer corona discharge is applied to
initiate the reactions. The streamer discharge, as mentioned before, has been known to produce
electrons with electron energy of about 6eV (Eliasson and Kogelschatz, 1991), and such a low
energy is insufficient to activate the kinetically inert methane molecule which possesses an
appearance potentials of ions of around 12eV (Sorensen, 1995) although methane was passed
directly through the discharge. The initiation reactions are thought to be the streamer corona-
induced plasma decomposition of CO; as described in reactions (1) and (2). Such formed
oxygen species, O" or O with some excited state or metastable state is very active for the coupling
reactions and can lead to the products observed. The main reactions responsible for ethane,
ethylene and carbon monoxide are as follow:

a. Methane Radical Formation:

CH4s+ 0 > CH;. + OH" 5)
CH4 +0O - CH;. + OH 6)
b. Ethane Formation: .
CH;. +CHj3+— C3H¢ 7
c. Ethylene Formation:
C;Hg+e—> CyHse +H 8)
CyH¢ + 0" — CyHs «+ OH” 9
2C3Hs ¢ —» CyHy + CaHg (10)
C;Hs«+ CHye— C,Hs + CHy (11)
d. H,O Formation:
2H+0 - H0 (12)
20H —» O + H,0 (13)
20H - 0¥ + H,0 (14)
e. CO Formation:
CHy. + 0 > HCHO +H (15)
HCHO + 0 —» OH + CHO (16)
CHO+0O—> OH+CO 17
CONCLUSION

CO; formation is a significant cause of greenhouse effect. Methane contributes also to the
greenhouse effect. The combination of conversion of methane and carbon dioxide to more useful
chemicals has potential industrial applications. Regarding these, we presented a streamer
discharge system to oxidatively convert methane to ethylene using CO, as an oxidant. The
results achieved right now shows the following:

(1) Conversions of methane and carbon dioxide and yield of ethylene increase with increasing
input voltage and increasing CO, amount in the feed. The increasing CO, composition, however,
will reduce the yield of C; hydrocarbons.

(2) The low flowrate leads to large conversions of methane and carbon dioxide and high yield of
ethylene.

(3) The low frequency results in large conversions of methane and carbon dioxide but the
maximum yield of ethylene occurs at the frequency of 70 Hz.

(4) All the experiments right now come to an end that ethylene is a second product.
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FIGURE | SCHEMATIC OF EXPERIMENTAL SETUP

1,3.5 Gas Cylinders 24,6 Flow Meter 7 Reactor 8 Streamer Discharge
9 Wire Electrode 10 Cylindrical Electrode 11 Current Meter 12 Voltage Meter
13 Condenser(with dry ice) 14 Multiway Value 15 H.V.Transformer

Figure 2 The AC Voltage
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Figure 3 The effect of applied voltage
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